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COMPARISON OF THE SPERMATOGENIC AND 
ANDROGENIC PROPERTIES OF TESTOSTERONE 
PROPIONATE WITH THOSE OF PITUITARY 
ICSH IN HYPOPHYSECTOMIZED 40-DAY- 
OLD MALE RATS! 


MIRIAM E. SIMPSON ann HERBERT M. EVANS 
From the Institute of Experimental Biology, University of California 
BERKELEY, CALIFORNIA 


THE ANTERIOR pituitary control of the reproductive system of the 
male has commonly been assumed to be exercised through the com- 
bined action of the follicle-stimulating hormone (FSH) and interstitial 
cell-stimulating hormone (ICSH). The interstitial tissue (or Leydig 
tissue) of the testis, and hence indirectly the accessory reproductive 
organs, were assumed to be stimulated by ICSH, and the germinative 
components of the testicular tubules by FSH. The injection of follicle- 
stimulating extracts—especially the more purified FSH—has, how- 
ever, failed to give adequate tubular stimulation to support this con- 
cept; likewise, the addition of FSH to pure ICSH has not given the 
amount of augmentation anticipated. More disturbing still was the 
discovery of Walsh, Cuyler and McCullagh (1934), since repeatedly 
confirmed, that testosterone could stimulate the germinal epithelium 
of the male. As ICSH causes the Leydig tissue to secrete male sex 
hormone, it followed that ICSH might be the only pituitary hormone 
necessary for testicular function. 

The male rat hypophysectomized at 40—43 days of age is a good 
test animal for studying the hormonal control of the testis. The ex- 
treme sensitiveness of the seminiferous epithelium of this animal to 
ICSH was shown in a previous paper (Simpson, Li and Evans, 1944). 
In these experiments it was found that ICSH stimulated the testicular 
tubules at doses so low that the interstitial cells were not appreciably 
affected and the seminal vesicles and prostate were not prevented 
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from regressing in weight to the level of those of the hypophysec- 
tomized controls.’ 

On the assumption that ICSH thus stimulates the testicular tu- 
bules only indirectly i.e. through androgen production, it follows that 
androgen can be shown to be a stimulant of the seminiferous epithe- 
lium at a lower dose than that at which it stimulates the accessory 
organs of reproduction. It would appear that the concept could be 
tested by injecting an androgen under the same conditions under 
which ICSH had been injected. It would naturally be more significant 
to inject the androgen produced by the rat testis. Since this was not 
possible, androgen was selected with which experience was already 
available. Previous experiments* had shown that daily doses of 1 to 
2 mg. of testosterone propionate were adequate not only to maintain 
the testes of hypophysectomized rats for periods of as long as 63 days, 
but were able to reinvoke spermatozoan formation after regression of 
the testis had proceeded for 20 days. The doses used in these earlier 
experiments were all so large that the accessory organs were greatly 
hypertrophied. In the current series of experiments, testosterone pro- 
pionate was therefore injected at lower doses in order to determine 
more accurately the relation between the spermatogenic and andro- 
genic doses. . 

Graded doses of testosterone propionate,‘ ranging from 2.5 to 
0.010 mg. in 0.1 cc. sesame oil, were injected subcutaneously into the 
same type of test animal used in the preceding experiments (male rats 
hypophysectomized at 40-43 days of age and treated for 15 days, be- 
ginning on the day of operation). Eight groups consisting of 6 or more 
rats each were so treated. The effects of these dosages, together with 
data from normal and hypophysectomized control groups, are sum- 
marized in Table 1. 

It will be seen that some stimulation of the testicular tubules was 
present at daily doses as low as 0.050 mg., although no mature sperma- 
tozoa had formed. This was also the lowest dose which gave reliable 
evidence of an effect an seminal vesicles and prostate. When 0.1 mg. 
was injected, spermatozoa were present in the tubules, as in the nor- 
mal 55 day old rat. This dose was also adequate to produce in the 
hypophysectomized rat about the same growth of the accessories ag 


2 A daily dose of 2.5 ug. ICSH (or } x.v. by standardization in female rats) was 
adequate to give some stimulation of the tubules (spermatid formation); doses of 
10 wg. (1 R.U.) or more induced the production of mature spermatozoa within the 15 
day experimental period. The interstitial tissue was maintained at daily doses of 1 R.v. 
or more. Doses of 10 to 50 ug. (1 to 5 R.v.) prevented regression of the accessory organs, 
but the maximum dose used, 1 mg. (100 r.v.) did not induce growth of these organs 
comparable to the normal. 
7 8’ Work conducted in 1937-42 in confirmation of Walsh, Cuyler and McCullagh 
(1934) and of Nelson’s claim (1941) of repair of the testis after a period of regression 
(Simpson and Evans, unpublished). 
4 Testosterone propionate, “‘Oreton,” courtesy of the Schering Corporation, Bloom- 
field, New Jersey. 
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occurred in the normal rat during the interval from 40 days to 55 days 
of age. All higher doses resulted in hypertrophy of the accessories.® 
(The increase in weight of the testes did not keep pace with the differ- 
entiation as the dose was increased. As much as 0.5 mg. daily was 
necessary to prevent regression in weight of the testis, and even at the 


TABLE 1. DOSAGE OF TESTOSTERONE PROPIONATE NECESSARY TO MAINTAIN THE 
REPRODUCTIVE SYSTEM OF THE HYPOPHYSECTOMIZED MALE RAT 


Daily injection from the day of Serene’ at 40-43 days of age, for 15 days 











| | ‘Testes 
No Seminal | Prostate 7 
cake vesicles weight vs Maximum | I itial 
weight Weight development nterstitia 
of tubules tissue 





Daily dose 





mg. mg. mg. 

6 1319 719 1737 Spermatozoa in 6 | Slight or no pyknosis; 
+61.84*) +53. + 158.83 rats, many, motile like "cama tis- 

sue cells 








16 | 1112 635 1419 | Same | Same 


| ne as | +28.06 | +82.05 | 
6 | 1110 | 596 1604 | Same 
| +98.92 | +26. + 80.62 





Pyknotic, but not as 
— as in con- 
trol 








| 
16 iz 675 399 692 | Spermatozoa in 6 | Like hypophysecto- 
| +57.55 | +25. + 43.08 rats, few, some mized control 
| motile | 
} 
| 





6 | 285 | 240 897 Spermatozoa in 3 
| motile 


| +42. +20. + 103.38 rats, few, non- 





80 126 638 | Spermatids in 1 rat; 
+21. +13. 448.53 tubules in all — 
larger than 
avn eos Ae 














0.025 5 
control 


Like yaaa Same 
am ‘ | ‘< 54.73 | Me control 


- an | Like Rypephynecte- 
Pe, ° ‘ mize 





0.010 | 6 








control 


layers plasm shrunken 
postoperative 





Normal control 247 
40-43 days of age +16.31 

| 2355 
-46 | +45.56 





Normal control 54 
55-56 days of age 


| 
am ay ae “246 a 4 Spermatocytes 2~3 | Nuclei pyknotic; cyto- 





| Spermatids in all Epithelioid 


Spermatozoa in all, | Epithelioid 
many, motile | 





* The figures preceded by + are the standard errors of the mean, 


highest dose given, the weight increased lagged behind that of the 
normal rat.) 

Testosterone propionate, therefore, proved to be a far more potent 
spermatogenic stimulant in these test animals than had been antici- 
pated. However, the processes of tubule stimulation and accessory 
organ growth caused by testosterone propionate paralleled one another 


5 A word should be said about the preputial glands. There was marked stimulation 
at the higher doses of testosterone propionate, 2.5, 1.0 and 0.g mg. (the preputials 
weighed 76 to 103 mg.; those of hypophysectomized controls weighed 25 mg. and those 
of normal 55-day-old rats 97 mg.). This effect was abruptly lost at a dose of 0.5 mg., 
a level far above that necessary to affect the other accessory organs. 
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quite closely, whereas with ICSH the tubules responded at doses too 
low to affect the accessory organ weights. 

If the effect of ICSH on the tubules is mediated by a sex hormone 
produced by the interstitial cells, one would have to assume that inter- 
stitial cells not giving morphological evidence of stimulation were pro- 
ducing a steroid, and, further, that this steroid had a different 
physiological action than testosterone propionate, being more effec- 
tive in stimulation of the testicular tubules and less effective in 
stimulation of the accessory organs of the male than is testosterone 
propionate. The latter part of this assumption is not so difficult to 
accept. Nelson and Merckel (1937) found that the ‘capacity of these 
substances [various steroids] to maintain spermatogenesis [in the rat] 
is unrelated to their androgenic activity, as based on the capon comb 
or rat sex-accessory tests.’’ They found that testosterone, ‘‘the most 
potent known androgenic substance” was the least effective in its ac- 
tion on the testes, whereas less effective androgens, such as andro- 
stanedione or androstenedione, were better stimulants of the testicu- 
lar tubules. 

Results from local pellet implants of androgens indicate that the 
normal mechanism of tubular stimulation is by way of locally pro- 
duced androgen.’ Dvoskin (1943, 1944) using the rat, and Smith 
(1944) using the macaque, have called attention to the marked local- 
ized effect of androgens implanted as pellets in the testis. The stimu- 
lation may be confined to the tubules adjacent to the pellet, not 
influencing tubules in more remote parts of the same testis or in the 
contralateral testis. These experiments give support to the concept 
that the tubules are stimulated by the activity of the interstitial tis- 
sue, whether in the normal animal or in the ICSH injected hypoph- 
ysectomized animal. 

In spite of difficulties of interpretation, then, the most plausible 
explanation available at present of the stimulation of spermatogenesis 
by anterior pituitary extracts seems still to be that the effect is medi- 
ated through the male sex hormone produced by the interstitial cells 
stimulated by ICSH. Indeed, the effects of ICSH on the tubule are 
detectable at such extremely low concentrations that effects hitherto 
attributed to FSH may be due to ICSH contamination, inasmuch as 
FSH has not yet been prepared in pure form. A reservation should, 
however, be made in accepting ICSH as the complete pituitary 

® It seems safe to assume that injected androgens in hypophysectomized animals 
act directly upon the testicular tubules, not indirectly through the Leydig tissue. As 
Nelson has already indicated (1937), the interstitial cells are not stimulated (brought 
to the epithelioid condition usually associated with active secretion) in hypophysec- 
tomized rat’s testes maintained by androgens. Male sex hormone has, in fact, been 
assumed to depress the interstitial tissue of the testis. In the hypophysectomized rats 
studied here however, the higher doses (2.5 and 1.0 mg.) partially maintained the in- 
terstitial cells, so that their appearance, although not epithelioid, was like that of con- 


nective tissue cells. Some pyknosis occurred at a dose of 0.5 mg., and at lower doses the 
interstitial tissue was like that of the hypophysectomized controls. 
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gonadotropic hormone in the male. ICSH has never been observed to 
restore the testes of the rat to complete normality (Simpson, Li and 
Evans, 1942, 1944), Smith (1944) has made the same comment rela- 
tive to the incompleteness of the response of the testicular tubules of 
the macaque to high doses of androgens, and has considered that some 
other factor was needed. 


SUMMARY 


A comparison has been made between the spermatogenic and 
androgenic potencies of testosterone propionate, in male rats hypoph- 
ysectomized at 40 days of age and injected for 15 days immediately 
following the operation. This was done for comparison with the action 
of pituitary interstitial cell-stimulating hormone in these test animals. 
ICSH has been assumed to act on the testicular tubules indirectly, 
through the male hormone produced by the interstitial cells, yet it 
was found that ICSH stimulated spermatogenesis at doses far below 
those affecting the accessory organs of reproduction whereas testos- 
terone propionate stimulated spermatogenesis only at levels which 
were also effective in stimulating the male accessories. 
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ABSENCE OF RENOTROPIC EFFECTS ON THE 
ADMINISTRATION OF PURE ADRENOCORTI- 
COTROPIC HORMONE (ACTH)! 


MIRIAM E. SIMPSON, CHOH HAO LI anp 
HERBERT M. EVANS 
From the Institute of Experimental Biology, University of California 
BERKELEY, CALIFORNIA 


A RENOTROPIC action of purified adrenocorticotropic hormone in 
rats has been reported by Reiss (1944). The preparation used by him 
contained 24 to 48 cortic-lipoid units per mg. A 35% increase in kid- 
ney weight (expressed in relation to body weight) was observed 24 
hours after the injection of 8 mg. When a total dose of 12 mg. was 
given in 3 injections, with autopsy after 48 hours, the kidney weight 
increase was even greater, 48%. The rats used weighed 44 gm. The 
gross and microscopic changes noted by Reiss pointed to injurious 
effects on the kidneys. These changes were detected within 4 hours, 
and were maximal within 12 hours after the beginning of injections. 

In all the work with ACTH carried out in this laboratory, no in- 
crease in kidney weights has been noted. A chronic experiment, in 
which male rats were injected from the 4th to the 79th day of life 
with pure ACTH? failed to show any such effect. The rats were given 
0.5 mg. daily for the first 24 days of the experiment, 2.0 mg. daily 
thereafter. Kidneys of 10 treated rats averaged 1.91 gm. or 0.92% of 
the body weight, those of 7 saline injected controls averaged 2.18 gm. 
or 0.86% of the body weight. No gross or microscopic changes inkidney 
structure were noted. 

Since the work of Reiss had been done with more acute tests, it 
seemed possible that initial effects might have been lost during chronic 
injection. Accordingly, two short-term experiments were carried out, 
in which normal 21-day-old male rats were injected with a total dose 
of 12 mg. of pure ACTH, containing 40-100 r.v. per mg.’® The total 
dose was distributed over 24 to 72 hours and was given in three daily 
intraperitoneal injections. Controls were injected with the solvent 
only—a phosphate buffer in the 24 hour test, 0.85% NaCl in the 72 
hour test. Five rats were used in each group. 





Received for publication September 11, 1946. 
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2 For the method of isolation of this hormone see Li, Evans, and Simpson, 1943. 
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to 0.025 mg., therefore 40-100 units per mg. (Simpson, Evans, and Li, 1943.) 
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As may be seen in Table 1, no significant increase in kidney weight 
was obtained, whether in terms of absolute weight or percentage of 
body weight, within either the 24-hour or the 72-hour treatment pe- 
riod. Neither was there any change which could be detected histologi- 
cally. The effectiveness of the doses of ACTH in producing adrenal 
stimulation was shown both by the increased adrenal weights and by 
the picture of hypertrophy given histologically in frozen sections 
stained with Sudan orange. The stimulation was noted after 24 hours 


TABLE 1. ATTEMPTS TO SHOW A RENOTROPIC EFFECT OF PURE ACTH 
IN NORMAL 21-DAY-OLD MALE RATS 


(Total dose 12 mg., given during 24 or 72 hours; 0.5 ce. injected 
intraperitoneally three times daily) 












































| Bod 
M y 
— Treatment ye hg weight at Kidneys Adrenals | Thymus 
autopsy 
| gm. mg. % BW mg. mg. 

hr. ACTH | 5 49 689 1.40 || 28 78 
24 +1.43*) +24.38 |} +0.87 |] + 7.32 

Control | 5 | 53 700 | 1.32 || 18 135 
(Phosphate Buffer) | +1.66 | +24.42 | +0.84 + 8.65 

72 ACTH | 5 | 64 816 1.28 | 34 48 
| +1.95 | +16.6 +1.50 | + 1.73 

Control 5 68 779 ae ae 213 
(0.85% NaCl) +1.99 | +26.44 | +2.02 | +18.51 





* The figures preceded by + are the Standard Errors. 


and was more pronounced after 72 hours. Marked decrease in thymus 
weights reflected an increased cortical function. 


DISCUSSION 


Crude extracts of the anterior pituitary were shown by Evans and 
Long (1922) to produce an increase in kidney weight with the in- 
creased body weight in the gigantism thus obtained. In a forthcoming 
paper on gigantism produced by pure growth hormone, it will be 
shown that the kidneys increased in weight in proportion to body 
weight. Hay, Seguin, Lariviére and Jensen (1946) have reported a 
renotropic effect of highly purified thyrotropic hormone preparations 
in both normal and hypophysectomized rats, and only a slight effect 
of adrenocorticotropic preparations. However, they did not propose 
that the renotropic effects of crude anterior pituitary extracts should 
be attributed solely to the thyrotropic hormone content. 

At least two types of pituitary hormones, the adrenocorticoptropic 
hormone and the gonadotropic complex, cause steroid production by 
their target organs. It is well known that various steroid hormones 
have a renotropic effect (Kochakian, 1944). That a response to such 
renotropic agents can be elicited in the Long-Evans strain of rats has 
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been demonstrated in an experiment in which female rats were in- 
jected with 1 mg. of testosterone propionate‘ three times weekly from 
the 4th to the 126th day of life. The average kidney weight of 10 
treated rats was 2.04 gm. or 0.68% of the body weight, whereas that 
of 6 sesame oil injected controls was 1.50 gm. or 0.64% of the body 
weight. Microscopic changes, involving hypertrophy of proximal con- 
voluted tubules and atrophy of distal tubules with some destruction, 
were noted. Hence, failure of the pure ACTH preparations to elicit 
renal enlargement was not due to incapacity of this strain of rats to 
respond. 

It is possible that the renotropic effect described by Reiss may 
have been due to some contaminant present in the adrenotropic prep- 
aration. Pitressin, which is often present in ACTH preparations unless 
specifically removed, might have produced vascular disturbances, as 
indicated by the necroses noted. Or, a small amount of ICSH, which 
also is very difficult to remove from ACTH, might have been present 
and have had an effect on the kidney through the production of testic- 
ular steroids. 

Another possible explanation of the discrepancy between this work 
and that of Reiss might lie in differences in diet, although diet was not 
specified in Reiss’ report. Selye and Stone (1946) stress the enhancing 
effect of high protein diet on the renotropic effects of crude anterior 
pituitary extracts. High carbohydrate, on the other hand, was found 
to counteract such effects. The rats used in this laboratory were main- 
tained on a balanced diet (Diet XIV), containing 5% casein, 68.5% 
wheat, 10% fish meal, 10% alfalfa leaf meal, 15% NaCl and 5% fish 
oil. 


CONCLUSIONS 


Pure adrenocorticotropic hormone, administered acutely in doses 
adequate to produce marked adrenal hypertrophy and thymus 
atrophy, failed to produce renal weight increase and had no his- 
tologically detectable effect on the renal tubules. 
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THE INACTIVATION OF a-ESTRADIOL BY 
INBRED RATS 


ALBERT SEGALOFF! ann WILHELMINA F. DUNNING 
From the Department of Medicine, Vanderbilt University, School of 
Medicine, Nashville, Tennessee and the Departments of Anatomy 
and Pathology, Wayne University, College of Medicine 
DETROIT, MICHIGAN 


TWOMBLEY AND TAYLOR (1942) were unable to demonstrate sig- 
nificant differences in the ability of livers from four inbred strains of 
mice to inactivate estrogens. They employed the in vitro method of 
Heller and the mice were of strains which differed markedly in suscep- 
tibility to the spontaneous occurrence of mammary carcinomas. 

The present study was undertaken as part of a program of investi- 
gations of estrogen metabolism in rats and of the effects of estrogen 
administration for prolonged periods in inbred strains of rats. 


MATERIAL AND METHODS 


The estrogen assays were conducted as in our previous studies of estro- 
genic inactivation (Segaloff, 1943). Seven inbred strains of rats were em- 
ployed. Young adult females were spayed by the dorsal approach while 
under ether anesthesia. Two to four weeks later they were primed with 50 
micrograms of estrone in 0.1 cc. of peanut oil. Fourteen days after the 
priming injection they were given for evaluation a-estradiol dissolved in 
0.05 cc. of 5% benzyl alcohol in sesame oil. The assay injections were made 
either subcutaneously or into the spleen with the portal circulation intact. 
Vaginal smears were taken with a moistened, cotton tipped toothpick 48, 
54, 60 and 72 hours after the assay injection. The smears were air dried, 
stained with hematoxylin and eosin, and read. A smear which contained 
only cornified epithelial cells at one or more of these times was classified as 
positive vaginal estrous for that animal. 


RESULTS 


The results are presented in Table 1. Each item represents the data 
obtained from an assay employing 20 animals. The 50% levels and 
one higher and one lower level are presented. 

The strains differed widely in their response to subcutaneously ad- 
ministered a-estradiol, the 50% estrus level ranging from 0.75 yg. for 
the August strain to 4 ug. for the Fischer strain. The 50% estrus level 
for intrasplenically injected a-estradiol varied from 50 yg. for the 
August strain to 150 ug. for the Copenhagen and Zimmerman strains. 


Received for publication September 13, 1946. 
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Despite this marked variation, the ratios of activity reveal a remark- 
able constancy. Five of the seven strains have a ratio of about 1:50 
whereas the other strains have ratios of 1:19 and 1:67. 


DISCUSSION 


In the present study we have employed vaginal smears as an index 
of sensitivity to estrogens. On this basis we find that the six strains 














TABLE 1 
Intrasplenic 
Subcutaneous injection spleen : 
Strain injection “in situ” s ee 
Dose Estrus Dose Estrus 
Hg. % Bg. % 
August 0.50 15 25 30 
(Line 990) 0.75 50 50 50 1:67 
1.50 75 100 80 
1.00 30 50 20 
Sprague-Dawley 1.50 50 75 50 1:50 
2.00 70 100 70 
1.50 30 50 0 
Maguran Farms 1.75 50 75 50 1:43 
3.00 85 150 90 
2.00 30 100 15 
AXC 2.50 50 125 50 1:50 
3.00 75 150 90 
2.00 30 100 20 
Zimmerman 3.00 50 150 50 1:50 
4.00 70 200 85 
2.00 10 100 30 
Copenhagen 3.00 50 150 50 1:50 
4.00 100 200 80 
2.00 20 50 15 
Fischer 4.00 50 75 50 1:19 
8.00 80 100 80 





studied can be arranged in a scale starting with the August strain 
which requires the smallest amount of a-estradiol to produce vaginal 
estrus in one half of the animals and ending in the Fischer strain which 
requires about five times as much a-estradiol for vaginal estrus as did 
the August strain. The seven strains arranged according to the 
amount of a-estradiol required to produce vaginal estrus in one half 
of the animals is as follows: August <Sprague-Dawley < Maguran 
Farms <A XC < Zimmerman < Copenhagen < Fischer. 

The decreased sensitivity of the Fischer strain to subcutaneously 
administered a-estradiol would appear to be a high threshold for vag- 
inal estrus. This is despite the fact that the ratio between the 
amounts required by the subcutaneous and intrasplenic routes is the 
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lowest by far of any of the strains studied and would indicate de- 
creased hepatic inactivation. We have already demonstrated (Sega- 
loff, 1946) in the Maguran Farms’ strain that when the ability of the 
liver to inactivate estrogens is decreased by partial hepatectomy, the 
animals are then more sensitive to subcutaneously administered 
estrogen. That is to say, partial hepatectomy lowers the threshold 
for vaginal estrus from subcutaneously administered a-estradiol, 
which is opposite to what is found when the Fischer is compared to 
other strains. Thus, it is not possible to say that the results in the 
Fischer strain are due to deficient hepatic inactivation alone and we 
must conclude that the Fischer strain has both a high threshold for 
vaginal estrus and an impaired ability for hepatic estrogenic inactiva- 
tion. 

It is of interest to note that only in the Fischer strain does exten- 
sive fatty infiltration of the liver develop when massive doses of estro- 
gen are administered. This is also the only strain with a markedly 
lowered ability for hepatic inactivation of estradiol. These hepatic 
fatty alterations will be described more extensively elsewhere. 

We (Segaloff and Dunning, 1945) previously reported the sensitiv- 
ity to estrogens of two of the strains. In that study, larger amounts of 
estrogen were employed and enlargement of the adrenals and pitui- 
taries was the end point. The Fischer and AXC strains were employed. 
It was found that the AXC strain, which required less estrogen by 
subcutaneous injection for vaginal estrus than did the Fischer strain, 
responded to subcutaneously injected estrogen with adrenal and 
pituitary enlargement to a much lesser extent than did the Fischer 
strain. That is to say, if adrenal and pituitary size increase is em- 
ployed as an end point, then the response of the two strains is reversed 
in comparison to the response of the vaginal epithelium. This may be 
interpreted as indicating that the pituitary and adrenals of the Fischer 
strain are as sensitive to estrogen as in the AXC strain, but since the 
Fischers are unable to inactivate estrogens to the same extent, as are 
the AXC’s, there will be more circulating estrogen in the Fischer 
strain than in the AXC strain on the same dosage. An alternate ex- 
planation is that there may be a large variation within a given strain 
in the sensitivity of the various end organs to estrogenic stimulation. 
Thus, the Fischer’s vaginal estrus threshold is higher than the AXC’s, 
but the pituitary and adrenal threshold is lower. 

We have been attempting to produce mammary tumors in these 
animals by prolonged estrogenic stimulation. The studies on three 
strains have been completed and will be reported fully elsewhere. 
Diethylstilbestrol was employed as the estrogen in these particular 
studies. There was no apparent correlation with any of the studies 
reported in this paper. With reference to the frequency of diethylstil- 
bestrol induced mammary tumors the three strains can be arranged in 
the following sequence: Copenhagen 0; Fischer + ; AXC +++. 
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SUMMARY 


Seven inbred strains of rats showed variations of over 500% in the 
amount of subcutaneously injected a-estradiol which was necessary 
to produce estrus in 50% of the animals. The strains requiring the 
least a-estradiol inactivated the greatest proportion of the estrogen 
whereas the strain requiring the most a-estradiol inactivated the 
smallest proportion of the estrogen. All other five strains inactivated 
essentially the same proportion of estrogen despite the variations in 
peripheral activity. These results are discussed in relation to other re- 
sponses to estrogen administration. 
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THE ADRENAL CORTEX AND THE LYMPHO- 
CYTOPENIA DUE TO GLUCOSE 
ADMINISTRATION 


FRED ELMADJIAN, HARRY FREEMAN anp 
GREGORY PINCUS 
From the Memorial Foundation for Neuro-Endocrine Research, Worcester 
State Hospital, Worcester, Mass., and the Worcester Foundation 
for Experimental Biology 
SHREWSBURY, MASS. 


LYMPHATIC atrophy and lymphopenia are common symptoms of 
the alarm reaction (Harlow and Selye 1937, Elmadjian and Pincus 
1945). The pronounced activity of the 11-oxygenated corticosteroids 
in inducing lymphatic regression and lymphopenia (Dougherty and 
White 1944) has led to the concept that the adrenal cortex through its 
secretions is a primary regulator of these phenomena (Selye 1946). 
We have, in fact, employed the lymphocyte count as an indicator of 
adrenocortical function in normal and psychotic subjects, especially 
in relation to acutely stressful situations (Hoagland, Elmadjian and 
Pincus 1946, Pincus and Elmadjian 1946, Pincus 1946). 

Wiseman and Akeroyd (1938) have reported that a high carbohy- 
drate diet leads to lymphatic tissue involution and lymphopenia. Data 
on human subjects indicates that the administration of glucose in the 
two-dose Exton-Rose sugar tolerance test leads to a significant 
lymphopenia (Freeman and Elmadjian 1946). In this paper we pre- 
sent data indicating that the rapid lymphocyte response of animals 
to stress is reproduced on glucose administration; furthermore our 
data demonstrate that this response to glucose administration is medi- 
ated by the adrenal glands. 


METHODS 


Fasted adult male rats weighing 200 to 300 grams were used. The ad- 
renalectomized animals were of the same weight range and were maintained 
in good condition by appropriate salt administration. Two methods of 
glucose administration were employed: (1) 1 cc. of a 50% dextrose solution 
administered orally at 0 hour—the one dose test, and (2) the same solution 
administered orally at 0 hour and 3 hour to give a total of 2 cc.—the two 
dose test. Blood samples were taken from the tail vein at 0, 3, 1 and 2 hours 
after glucose administration in most instances and at 3 hours in a large pro- 
portion of the animals (see Tables 1 and 2). Lymphocyte counts were made 
as previously described (Elmadjian and Pincus 1946). Blood glucose in most 
of the blood samples was determined by the method of Reinecke (1942). 
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RESULTS 


The data on blood concentrations of circulating lymphocytes in 
the adrenalectomized and intact rats subjected to the two types of 
tolerance tests are presented in Table 1. In addition to the mean cell 
counts we present also the means of the percentages of the 0 hour 
counts (Table 2). The percentages tend to reflect the rate of change 
regardless of the absolute numbers involved. Several features of these 
data are noteworthy: (1) the administration of sugar in either test is 
followed by a significant decline in the blood lymphocytes of normal 
rats; (2) the lymphocyte count of the adrenalectomized animals does 
not decline significantly; (3) the percentage change in count of the 
normal rats is significantly below the percentage change in the 
adrenalectomized animals subjected to the same tolerance test at 34 
and 1 hours in both tests and at 2 hours as well as in the two dose test; 
(4) there is no significant difference in lymphocyte decline between the 
normal rats receiving one dose and two doses. 

In Table 2 we present the mean blood sugar changes as well as 
the lymphocyte changes of the rats in which both were determined 
simultaneously. In Figure 1 these percentage changes are plotted 
against time for each of the four groups of animals. It is evident from 
these data that the lymphopenia of the normal rats parallels the blood 
sugar changes whereas in the adrenalectomized rats the much larger 
blood sugar increases are not accompanied by corresponding lympho- 
cyte decreases. This is illustrated graphically in Figure 2 where a fairly 
regular relation between lymphocyte change and blood sugar change 
can be seen in the data for the normal rats but not in the data for the 
adrenalectomized animals. 

In order to determine the extent of the relationship between the 
degree of blood sugar and lymphocyte changes we have calculated the 
correlation coefficients for the raw data contributing the mean values 
of Table 2. These correlation coefficients are presented in Table 3. 
In the normal animals in both types of tolerance tests there exist 
significant negative correlations between percentage changes in blood 
sugar and lymphocytes; this is true both for the changes from hour 
to hour (r interclass) and for the measurements as they vary from 
rat to rat at each given hour (r intraclass). It is clear that there are 
no significant correlations in the adrenalectomized animals of the two 
dose test, but significant positive correlation coefficients are found be- 
tween lymphocyte and sugar values in the one dose tests. This implies 
that as the blood sugar values increase there is a corresponding in- 
crease in lymphocytes, which is the reverse of the situation in the 


normal animals. 
DISCUSSION 


The prompt lymphopenia occurring in the normal rats after sugar 
administration is remarkably comparable to the lymphocytopenic re- 
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sponse to stress. That the lymphopenia is a manifestation of the alarm 
reaction is indicated by its failure to appear in the adrenalectomized 
animals. The implication is clear that the administration of the sugar 
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Fic. 1. The mean percentage changes in blood sugar and lymphocytes following the 
administration of dextrose to rats. Abscissa: time in hours. Ordinate: per cent. O =nor- 
mal rats, one dose test; @ =normal rats, two dose test; @ =adrenalectomized rats, one 
dose test; @ =adrenalectomized rats, two dose test. The blood sugar values are in the 


upper portion of the figure, denoting increases in all groups; the lymphocyte values are 
in the lower portion of the figure. 






leads to an activation of the adrenals and in turn to the lymphocyte 
response. During the second and third hours in the normal rats of 
these experiments there is a fall of the blood sugar and a rise in the 
lymphocyte counts. The data of these hours contribute also to the 
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significant negative correlations presented in Table 3. We thus have 
not merely a stimulus-response situation but a quantitative relation- 
ship between blood sugar and lymphocyte changes. It is almost as if 





60 70 60 90 


= 


100 





Fic. 2. The mean percentage changes in blood sugar are plotted against the per- 
centage changes in lymphocytes. Abscissa: lymphocyte percentages. Ordinate: blood 
sugar percentages. Symbols as in Figure 1. Note that the data for the normal rats in- 
dicate that rising blood sugar is accompanied by relative lymphocytopenia, and that 
this does not hold with the data for adrenalectomized rats. 


the blood sugar level regulates the lymphocyte level in the normal 
rats. However, there is no correlation between mgm. per cent glucose 
and blood lymphocyte concentration in the animals at 0 hour 
(r=0.016, not significant). 


TABLE 3. THE CORRELATION COEFFICIENTS FOR PERCENTAGE CHANGES IN BLOOD 
SUGAR AND LYMPHOCYTES IN THE VARIOUS TOLERANCE TESTS 








Type of Degree Degree 


Type of 
animal 


tolerance 
test 


r (inter- 
class) 


of 
freedom 


P 


r (intra- 
class) 


of 
freedom 





Normal 


One-dose 


—0.580 


30 


<0.01 


—0.475 


24 





Adrenal- 
ectomized 


One-dose 


+0.429 


26 


<0.05 


+0.568 


20 





Normal 


Two-dose 


—0.343 


40 


<0.05 


—0.349 


34 





Adrenal- 
ectomized 





Two-dose 





—0.329 





30 





>0.05 





—0.290 


26 











The findings of this paper offer a possible explanation for the 
effects of sugar in causing resistance to stress. For example, the re- 
sistance to anoxia induced by a high carbohydrate diet or sugar ad- 
ministration (Britton and Kline 1945) may be mediated by the 
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adrenals. The question is raised also as to whether the “emergency 
hyperglycemia” that follows exposure to alarming stimuli might not 
initiate the familiar adrenal cortex response to stress. 

It should be noted that the measurement of the mean percentage 
change in lymphocytes has been found most significant in these data. 
The reason for this is that the level of blood lymphocytes may vary 
widely from animal to animal, but after the administration of sugar 
the direction and extent of the change appears to be the same regard- 
less of the absolute count. This is clear when one examines the co- 


TABLE 4. THE COEFFICIENTS OF VARIATION FOR BLOOD LYMPHOCYTE CONCENTRATION 
(NO.) AND PERCENTAGE CHANGE (%) IN LYMPHOCYTE CONCENTRATIONS 








| 0 hour | 4 hour 1 hour | 2 hours 3 hours 
| 
No. | No. | % | No. | % | No. | % | No. | % 








Test 





1 dose 





| 
ented — | 31.20 | 8.92 | 21.42 | 12.46 | 30.71 | 27.28 | 32.39 | 23.39 


| 
| 
| | | | 
Normal — | 30.30 | 17.99 | 18.54 | 17.02 | 15.69 | 12.91 | 28.84 | 19.63 





2 dose | | | | 
Normal ° — 24.82 | 10.44 | 24.25 | 15.09 | 23.67 | 19.44 | 34.08 | 24.92 


2 dose | 
Adrenalectomized . ii | 40.86 20.38 | 39.91 | 23.92 51.16 | 21.26 —_;j— 





' 














efficients of variation of the data for the various groups of animals. 
These are presented in Table 4. It is clear that the coefficients of 
variation (C.V.s) for percentage change are in every instance less than 
the C.V.s for absolute concentrations. 

It should be noted that we are inclined to attribute the effects of 
administered dextrose to activation of the adrenal cortex rather than 
the adrenal medulla. The order of magnitude of the observed lym- 
phopenia is quite similar tothat observed after adrenal cortex activation 
due to acute stress, and epinephrine is ordinarily and rather promptly 
a stimulant to lymphocytosis (Garrey and Bryan 1935). We shall in 
later papers consider the possible role of epinephrine in acute adrenal 
activation. 

The manner in which sugar activates the lymphopenic response 
cannot be deduced from our data. Sugar may directly stimulate ad- 
renal cortex secretion, it may act upon the pituitary to cause the re- 
lease of corticotrophin, or it may stimulate nervous activity which 
leads to an alarm reaction type of symptom. 

The data of Figure 1 indicate a markedreduction in sugar tolerance 
in the adrenalectomized rats (cf. Ball, Samuels and Schott 1936). 
It should be noted that the fasting sugar levels of the adrenalec- 
tomized rats are extremely low, 59.6 and 71.0 mg. % in the one dose 
and two dose groups respectively, compared with 101.8 and 88.3 
mg. % in the corresponding normal groups. Therefore we see the 
large percentage increase of the adrenalectomized animals, whose ab- 
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solute blood sugar levels exceed those of the normal controls only in 
the two dose tests. 


SUMMARY 


Dextrose (1 cc. of a 50% solution) was administered orally to 
normal and salt-fed adrenalectomized rats either once or twice (after 
half hour interval). 

Normal animals receiving the single dose (12 rats) or the double 
dose (13 rats) exhibited a prompt lymphocytopenia with a return 
after two to three hours toward normal levels. Significant negative 
correlations were found between degree of lymphocyte change and 
degree of blood sugar change in both dosage groups and for interclass 
as well as intraclass changes. 

No significant lymphopenia was observed in the adrenalectomized 
rats receiving either the single dose (9 rats) or the double dose (12 
rats), but a significant positive correlation was found in one dose ad- 
renalectomized recipients between percentage changes in lympho- 
cytes and blood sugar. 

These data are taken to indicate that sugar activates the secretion 
of adrenal cortex hormone. 
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THE EFFECT OF THIOURACIL ON THE SUC- 
CINOXIDASE AND CYTOCHROME OXIDASE 
OF RAT LIVER! 


SAMUEL R. TIPTON anv W. L. NIXON 
From the Department of Physiology and Pharmacology, Medical College 
of Alabama 
BIRMINGHAM, ALABAMA 


THERE is considerable evidence that thiouracil depresses the abil- 
ity of the thyroid gland to form or release hormone. In the course of 
our studies on the thyroid and adrenal glands and the relation of their 
hormones to oxidation enzyme systems (Tipton, Leath, Tipton and 
Nixon, 1946) we noted that after oral administration of thiouracil the 
activities of the succinoxidase and the cytochrome oxidase of liver 
homogenates from rats were less than those from control rats. We 
thought it of interest to determine whether this depression was a 
direct action of the drug on the enzyme systems of the liver or an 
indirect one acting through the level of circulating thyroid hormone. 
The present study seemed especially important since there is still 
considerable question about the nature of the action of thiouracil in 
tissues. 

The data presented in this paper offer further support of the con- 
cept that the action of thiouracil is on the thyroid gland and any ac- 
tion on peripheral tissues is a consequence of this primary action on 
the thyroid. 


MATERIALS AND METHODS 


Hooded rats weighing 150-250 gms. were used in all experiments. The 
rats were bred in this laboratory from the Long-Evans strain. All of the 
rats received powdered Purina Laboratory Chow. 

Thiouracil* was administered in the powdered diet as 1 per cent by weight 
of food. In this way the rat averaged an intake of approximately 100 mgs. 
thiouracil daily. This dosage was maintained for a period of twenty days. 
To another group of rats thyrotrophic hormone was injected subcutaneously 
daily for an equivalent period in 0.2 ml. doses (10 Junkmann-Schoeller 
guinea pig units per 100 gm. of body weight). A third group received 
thiouracil and thyrotrophic hormone simultaneously for the twenty-day 
period. Control rats were fed powdered chow. The amount of food consumed 
daily by the controls was adjusted so that it was equal to the amount that the 
experimental animals voluntarily consumed. 


Received for publication September 24, 1946. 
1 Aided by a grant from the University of Alabama Research Fund Committee. 
? Thiouracil was kindly furnished by Dr. Stanton M. Hardy of the Lederle Labora- 
tories, Inc. 
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The Group 4 rats were thyroidectomized at least 6 weeks before the 
experiment and then separated into 2 subgroups, one of which received 
thiouracil, the other none. 

A fifth group of rats was fed 400 mgs. desiccated thyroid powder mixed 
with the powdered chow every other day for a 14-day period, while the rats 
of Group 6 were injected subcutaneously with 0.5 mgs. of thyroxin in 0.001 
N sodium hydroxide daily for the same period. Each of these groups was 
subdivided and one-half of each group given thiouracil while the other half 
had no drug treatment. ‘ 

The assays of succinoxidase and cytochrome oxidase were made by the 
method of Schneider and Potter (1943) using the Warburg Qo, measurement 
of enzyme activity in liver homogenates. The succinic acid system was 
assayed in presence of excess cytochrome ¢ and cytochrome oxidase with 

TABLE 1. CHANGES IN RESPIRATORY ENZYME ACTIVITY OF RAT LIVER AFTER 


ADMINISTRATION OF THIOURACIL, THYROTROPHIC HORMONE, AND 
DESICCATED THYROID POWDER 








Group | No. of 


ge : | Cytochrom 
. Treatment Succinoxidase a 
no. | animals 


oxidase 





Qo. | Qo, 
Control] 108.60 +2.94*| 424.78+11.6 
Thiouracil 83.00+1.08 | 347.90+18. 
Thyrotrophic hormone 137 .57+3.75 | 592.70+29. 
Thyrotrophic hormone plus 112.31+4. 459 .29 +23. 
thiouracil 
Thyroidectomized 90.15+3. 405.10+11.¢ 
Thyroidectomized plus thiouracil| 87.70+2. 375.27+ 8. 
Thyroid-fed 134.07+3.89 | 489.13 +14. 
Thyroid-fed plus thiouracil 129.50+6. 467 .60 +13.7 
Thyroxin 126.60 +5. 479.00 +16. 
Thyroxin plus thiouracil 128.20+5. 463.13+ 9.7 
Thiouracil 60 mgs. per cent 97.10+1.7 17 +10. 
in vitro 


oe 


1 
2 
3 
3 
4 
4 
5 
5 
6 
6 


cep oproe 














No thiouracil in vitro .68 +2. .59+10. 


/ 2d? 

N-1 

* Standard error, ——————— 
/N-1 





sodium succinate as substrate. The cytochrome oxidase was assayed with 
excess cytochrome c and sodium ascorbate. 


The enzymatic activity is expressed in terms of Qo,, the cu. mms. of 
oxygen consumed per mg. dry weight of tissue per hour. 


RESULTS 


The administration of thiouracil daily for a period of twenty days 
resulted in a depression of the succinoxidase and cytochrome oxidase 
enzyme systems of the liver as is shown by a comparison of the Group 
1 and Group 2 rats in Table 1. Depression below the control value was 
23.5 per cent in the succinoxidase system and 17.15 per cent in the 
cytochrome oxidase system. The decreases in enzymatic activity are 
significant as shown by the “P”’ column in Table 2. 
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Thyrotrophic hormone preparation, desiccated thyroid powder, 
and thyroxin given separately to groups of rats over a 2-week period 
caused a significant increase in the liver enzyme activity. A compari- 
son of Groups 3a and 5a shows that the thyrotrophic hormone and 
the desiccated powder had equal effects on the succinoxidase system 
but the thyrotrophic effect on the cytochrome oxidase system was 
considerably greater. The action of the thyroxin was weaker on both 
TABLE 2. THE DEGREE OF SIGNIFICANCE OF THE DIFFERENCES BETWEEN THE MEANS OF 


THE LIVER ENZYME ACTIVITIES OF SOME OF THE ANIMAL GROUPS 
TAKEN FROM TABLE 1. 








0 i > 
Group ry Difference between “pre 
no. means 





Succin- |Cytochrome| Succin- | Cytochrome 
oxidase Oxidase oxidase Oxidase 





Control 
Thiouracil —25.60 —76.88 <0.01 <0.01 





Control 
Thyrotrophic hormone +28.92 +167 .92 <0.01 <0.01 





Control 
Thyrotrophic plus 
thiouracil + 3.71 +34. 





Control 
Thyroidectomized —18.45 —19. 





Thyroidectomized 
Thyroidectomized plus 
thiouracil 


Thyroid-fed 
Thyroid-fed plus 
thiouracil 














Thyroxin 
Thyroxin plus 
thiouracil 





Homogenate 
with thiouracil 
Homogenate 
without thiouracil + 4.58 | +15.42 | >0.10 

















* “P” derived by use of Fisher’s table of t (Fisher, 1941). 
Difference between the means is significant if ‘“‘P” is <0.05. 


enzyme systems than the other hormonal treatments as shown by 
Group 6a in Table 1. 

The simultaneous administration of thiouracil and the various 
hormone preparations gave quite different results. The rats in Group 
3b, treated with thyrotrophic hormone, and thiouracil, had liver 
enzyme activities that did not vary significantly from those of the 
control group, as shown in Table 2. Thus the thiouracil blocked the 
action of the thyrotrophic hormone on these enzyme systems of the 
liver. When the thiouracil was given with the desiccated thyroid 





November, 1946 THIOURACIL AND OXIDATIVE ENZYMES 303 


powder or with the thyroxin, the activity of both respiratory enzyme 
systems was still considerably greater than was found in the control 
group. The thiouracil had no significant action on the effects of either 
thyroid powder or thyroxin. Six weeks after thyroidectomy, as shown 
by Group 4a and 4b in Table 1, both enzyme systems of the liver 
showed a small decrease which may be significant according to the 
“P” in Table 2. When thiouracil was given for 20 days to thyroidec- 
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Fic. 1. Changes in succinoxidase and cytochrome oxidase in liver tissue of rats 
after administration of thiouracil (Graphs 1, 3), and thyrotrophic hormone (Graphs 
2, 4). The broken line with x points gives the Qo, of liver slices after administration of 
thyrotrophic hormone (taken from Jandorf and Williams, 1944). 


tomized animals it had little effect on the succinoxidase system but 
did produce a small, possibly significant decrease in the activity of 
the cytochrome oxidase system below that of the thyroidectomized 
group not treated with thiouracil. 

Thiouracil in vitro had no significant effect on the activities of the 
two enzyme systems as shown by Group 7 in Table 1. The drug was 
added to an aliquot of the liver homogenate in a concentration of 
60 mg. per cent which is about the saturation point for thiouracil in 
an aqueous solution at a pH near 7. The mean Qo, of both enzyme 
systems was lower in the medium containing the drug than in the 
one with no thiouracil but analysis for probable significance by 
Fisher’s t method, as given in Table 2, shows that the difference be- 
tween the two means was not significant. 

Three rats were killed at 2 to 4 day intervals from a group treated 
with thiouracil, and three from a group treated with thyrotrophic 
hormone. The liver homogenates were prepared and analyzed for 
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succinoxidase and cytochrome oxidase activity. The results are shown 
graphically in Figure 1. A significant increase was observed in the 
activities of the two liver enzyme systems on the sixth day after 
treatment with thyrotrophic hormone was started, which reached a 
peak on the 18th day and then decreased. The thiouracil effect did 
not appear until the 8th day after treatment was started and reached 
a low on the 16th to 20th day of treatment. The broken line in Figure 
1 represents the changes in liver slice Qo, when rats are treated with 
thyrotrophic hormone. This curve for the respiration of the slice is 
curve C on page 93 of the paper of Jandorf and Williams (1944). 
The effect of thyrotrophic hormone on the activities of succinoxidase 
and cytochrome oxidase and the hormone effect on the respiration of 
the liver slice are similar but the enzymatic changes showed a definite 
lag, appearing several days after the liver slice Qo, changes had begun 
and reaching a peak sometime after the slice Qo, values had begun 
to decrease. 
DISCUSSION 

The data in Table 1 show that thiouracil treatment results in a 
decrease in the activity of the succinoxidase and cytochrome oxidase 
enzymes of liver tissue. Thyrotrophic hormone from the anterior 
pituitary lobe, desiccated thyroid powder, or thyroxin after adminis- 
tration for several days, result in a marked rise in the activity of 
these two oxidative enzyme systems. Since treatment with thiouracil 
given simultaneously with the hormone preparations prevents the 
rise in enzymatic activity following thyrotrophic hormone, but has 
little or no effect on the peripheral action of the desiccated thyroid 
and thyroxin, the action of the thiouracil appears to be on the thyroid 
gland and its formation of thyroid hormone. Further support for 
this concept is obtained from the results showing that thiouracil has 
only a small, apparently not significant effect in the thyroidectomized 
animal, and has no significant in vitro effect on the enzyme systems 
when added to the liver homogenate. 

Obviously the liver enzyme systems are acting as ‘‘target”’ sys- 
tems and responding to the level of thyroid hormone in the circulatng 
blood. The decreased enzymatic activity after thiouracil can best be 
explained by postulating a decrease in the amount of circulating 
thyroid hormone. The action of thyrotrophic hormone is well known 
and needs no comment. Its action on peripheral tissue Qo, is due 
principally to its effect on the formation of thyroid hormone by the 
thyroid gland. The increased activity of the respiratory enzymes fol- 
lowing thyrotrophic hormone is a measure of the increase in thyroid 
hormone released by the gland. Since thiouracil prevents the rise in 
enzymatic activity, it has, therefore, blocked the release of hormone 
by the thyroid gland. 

The nature of the thiouracil action on the chemical reactions in the 
thyroid gland is unknown. There is some evidence that the thyroid 
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hormone is formed by oxidations involving the cytochrome oxidase 
system but Lerner and Chaikoff (1945) reported that thiouracil in 
10-* M concentration had no effect on thyroid slice Qo, even though 
it reduced the formation of diiodotyrosine and thyroxine by 60-85 
per cent. These authors concluded that the drug had little effect on 
the cytochrome c-cytochrome oxidase system. Paschkis, et al. 
(1945) reported that thiouracil and sulfonamides inhibited the cyto- 
chrome oxidase of thyroid tissue. However, their method of assay is 
open to question. Thiouracil certainly had no effect in vitro on either 
the succinoxidase or cytochrome oxidase systems of the liver in our 
experiments as shown by the data for Group 7 rats in Table 1. The 
cytochrome oxidase from liver is probably not very different from 
that of thyroid gland. McShan, Meyer and Johansson (1946) using a 
more reliable method of enzyme assay than that used by Paschkis, 
et al. (1945) reported that thiouracil and sulfonamide compounds did 
not inhibit the cytochrome oxidase or the succinoxidase of thyroid 
tissue of male rats. The increased Qo, of thyroid slices after thiouracil 
which was reported by Jandorf and Williams (1944) would lead one. 
to expect an increased activity of major respiratory enzyme systems 
rather than a depression. 

The curves in Figure 1 show that there is a latency of four or five 
days in the development of enzymatic changes after the respiration of 
the liver slice has responded to the thyrotrophic hormone. The peak 
in the Qo, curve occurs on the 12th day after the start of the experi- 
ment while the peak of enzymatic activity comes several days later. 
The suggestion is that a variation in respiratory rate within limits 
can occur without measurable change in activity of succinoxidase or 
cytochrome oxidase. Barker (1945) reported that a marked depression 
of the rat B.M.R. was often obtained within one week after thiouracil 
was started but that the depression was usually greater at 14 days and 
fell still lower at 21 days but showed little further depression after 
that period. The time scale for the B.M.R. changes which he reported 
is about the same as have been found for the changes in the liver 
slice Qo, and the changes in succinoxidase and cytochrome oxidase 
activities. 

SUMMARY 


The activity of succinoxidase and cytochrome oxidase in liver 
homogenates was decreased following a 20-day period of thiouracil 
treatment in hooded rats. The activity of these enzyme systems was 
increased following the administration of thyrotrophic hormone, 
desiccated thyroid powder, and thyroxin. Simultaneous administra- 
tion of thiouracil prevented the increase in liver enzymes after thyro- 
trophin, but had no effect on the rise following treatment with thyroid 
powder or thyroxin. Thiouracil treatment had little effect on the 
depressed liver oxidation enzyme systems of thyroidectomized rats. 
Thiouracil, when added to the enzyme assay medium, had no in vitro 
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effect on succinoxidase or cytochrome oxidase. It is concluded that the 
data presented in this paper offer further support to the theory that 
thiouracil action is principally on the formation of thyroid hormone. 

The thiouracil and thyrotrophic hormone did not exert a measur- 
able effect on the two oxidation enzyme systems in liver for 6-8 
days after the drugs were started. The enzyme changes appear to lag 
about 4 days behind the change in the liver slice Qo, following thyro- 
trophic hormone administration. 
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EFFECTS OF VARIOUS HORMONAL CONDITIONS 
IN THE INTACT RAT ON THE SYNTHESIS 
OF SERUM CHOLINESTERASE! 


CHARLES H. SAWYER anp JOHN W. EVERETT 
From the Department of Anatomy, Duke University School of Medicine 
DURHAM, NORTH CAROLINA 


AuTHoUGH the influence of hormones on metabolism has long 
been recognized, the in vivo effects of endocrine secretions on specific 
enzyme systems have received relatively little attention (Jensen and 
Tenenbaum, 1944). Only recently have endocrinologists and pharma- 
cologists (Dempsey, 1946; Tainter e¢ al., 1946) begun to examine 
hormone-enzyme relationships in their analysis of the mechanisms by 
which the well known terminal effects of endocrine activity are at- 
tained. The present series of papers attempts to explore this general 
problem, using as a starting point a sex difference observed in rats 
and mice with respect to an enzyme in the liver and serum. 

It was noted five years ago that the livers (Birkhauser and Zeller, 
1940) and sera (Beveridge and Lucas, 1941) of mature female rats 
have capacities for hydrolyzing acetylcholine that are 3-5 times as 
great as the same tissues of males. The enzyme largely responsible for 
the higher rate of acetylcholine hydrolysis in female serum was found 
to be the non-specific or pseudo-cholinesterase, although specific 
cholinesterase was also present in the sera of both sexes (Mundell, 
1944). Both the Swiss and Canadian workers found that the difference 
in acetylcholine-hydrolyzing capacity of the two sexes is not due to 
in vitro enzyme activators or inhibitors: the difference is the result 
of the actual amounts of enzyme in the livers and sera of the two sexes. 
The situation appears to be one in which the production or destruc- 
tion of an enzyme is under hormonal control. 

Preliminary studies of the hormone-liver cholinesterase relation- 
ship were made by Birkhauser and Zeller (op. cit., Zeller and Birk- 
hauser, 1941) but at a time when cholinesterase was thought to be 
one enzyme. Furthermore their method necessitated killing a rat 
for each enzyme determination, making it impossible to follow trends 
in enzyme level in individual animals. The variations in esterase 
level among different individual rats of the same inbred stock or even 
of the same litter, as will be mentioned later, are so great as to weaken 
the validity of their findings. Their methods and results will be dis- 
cussed further, later on. 


Received for publication October 4, 1946. 


1 This investigation was supported in part by a grant to the authors from the Re- 
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In view of these criticisms the present study was undertaken to 
analyze the problem with due regard for the more recent knowledge 
of the cholinesterases (Mendel and Rudney, 1943) and to elucidate 
the endocrine interrelationships in the mechanism by which the sex 
difference in enzyme level is achieved. The first paper identifies the 
enzyme with which the series is concerned, confirms the earlier finding 
that the female rat serum content of non-specific cholinesterase is 
many times as great as the male, and follows the esterase trends in the 
serum of the intact female during such hormonally variant conditions 
as normal cycles, persistent estrus, pseudopregnancy, pregnancy and 
lactation. Many of the results of the present study have appeared in 
abstract form (Sawyer and Everett, 1946; Everett and Sawyer, 
1946, a). 

MATERIALS AND METHODS 

In this series of studies enzyme determinations have been made during 
the course of two years on the sera of more than 2500 samples of blood from 
over 100 rats, and the serum enzyme levels of certain individual animals 
have been followed for as long as a year and a half. Intervals between 
bleedings of a given rat varied from 24 hours to several days, depending 
on the requirements in particular studies. Daily determinations were made 
possible by the fact that each assay requires only 2 or 3 drops of blood. 

Blood was obtained by piercing the small saphenous vein with a 23 inch 
straight surgical needle; the drops of blood were collected in a tube of 0.5 
ml. capacity. The collecting tubes were centrifuged to separate blood cells 
amd serum; each serum was pipetted off with a constriction pipette and 
diluted to a 10% concentration with unbuffered Ringer-Locke solution. 
Enzyme assays on the diluted serum were made either immediately or after 
overnight refrigeration at 3°C. Preliminary determinations showed that the 
latter treatment did not affect the enzyme activity. 

Assays of serum enzyme were made by the microchemical titrimetric 
method described previously (Sawyer, 1943). Specific and non-specific 
cholinesterases were differentiated by measuring, in addition to total 
acetylcholine cleavage, the hydrolyses of acetyl-8-methylcholine (Merck’s 
mecholyl) and of benzoylcholine (Mendel, Mundell, and Rudney, 1943). 
The final substrate concentrations were 0.41% acetylcholine, 0.73% 
mecholyl, and 0.22% benzoylcholine. The digestion period, at 37°C., was 
usually of 2.5 hours duration. The acids liberated from the substrates were 
titrated with 0.077 N NaOH, and enzymic activity was usually expressed 
in terms of microliters of alkali needed to neutralize the acids liberated in 
one hour by the esterases in 0.61 ul. serum. In certain experiments in order 
to allow a more direct comparison of the trends of several animals under a 
given set of conditions acetylcholine-hydrolysis values were expressed as per- 
centages of the level prior to the experiment. 

The rats employed in this series were principally inbred albinos of the 
normal Vanderbilt strain (derived from the Osborne-Mendel colony). A 
few animals of the DA strain (Everett, 1942a) were used for certain experi- 
ments as described below. Vaginal smears were made by saline lavage each 
morning throughout the study of every female. After drying, the smears 
were fixed in methyl alcohol and stained with aqueous methylene blue or 
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toluidin blue, made alkaline with sodium bicarbonate. 

Dated pregnancies were obtained by housing the female with a known 
fertile male overnight after her morning vaginal smear had indicated pro- 
estrus. Sperm were observed in the smear on the following morning and this 
occasion was taken as zero time. At the approach of her parturition date each 
doe was isolated and observed at least twice daily. 

Pseudopregnancies were induced by mating with a vasoligated male, 
again overnight after the morning smear had been of the proestious type. 
The following morning, when the smear was fully cornified, was reckoned 
as zero time. 

For comparison with the above, artificial pseudopregnancies of two 
types were produced: (1) by the direct method of administering extrinsic 
progesterone? (1.5 mg. daily in 0.3 cc. sesame oil, subcutaneously) and (2) 
by inducing progesterone secretion by suitable treatment with estrogens. 
In the estrogen-induced variety two procedures were used: subcutaneous 
injection of 50 yg. of estradiol benzoste? or subcutaneous implantation of 
small crystals of estradiol? (ca. 100 wg. each). Injection or implantation was 
performed on the day of full vaginal cornification in a given cycle (post- 
ovulatory, zero time). Adequate evidence will be presented later, indicating 
that such treatment induces corpus luteum activity. 

For the particular phase of the investigation involving spontaneous per- 
sistent estrus the DA strain was employed because of the predictably early 
age of onset of the phenomenon in that stock (Everett, 1939; 1942 a). It 
frequently occurs also in old rats of the Vanderbilt strain and some studies 
were made in these animals as well. 

‘Light estrus” was induced in young DA females by placing them in con- 
tinuous light (Hemmingsen and Krarup, 1937; Browman, 1937) in a special 
well-ventilated chamber. As noted previously (Everett, 1942, a, b) young 
cyclic DA females are very resporsive to such treatment and exhibit pro- 
longed estrus when illuminated only a few days. 

Experimental restoration of cycles in persistent-estrous DA females was 
brought about by the technique described by Everett (1943), employing 
progesterone to interrupt persistent estrus and periodic injection of 1.0 mg. 
of the hormone each time the vaginal smear became proestrous. This experi- 
ment was controlled by similarly treating cyclic Vanderbilt rats. 


RESULTS 


The relative amounts of specific and non-specific cholinesterases in 
male and female rat serum 


Both specific and non-specific cholinesterases hydrolyze acetyl- 
choline. Their individual activities may be analyzed by taking ad- 
vantage of the facts that specific cholinesterase also hydrolyzes 
mecholyl, and non-specific cholinesterase splits benzoylcholine in ad- 
dition to acetylcholine; neither of the enzymes acts on all three sub- 
strates (Mendel, Mundell, and Rudney, 1943). 


2 Crystalline estradiol used in these experiments was supplied to Dr. J. E. Markee 
by Ciba Pharmaceutical Products, Inc., Summit, N. J. Estradiol benzoate and ecrystal- 
line progesterone were contributed by Dr. Erwin Schwenk of the Schering Corporation, 
Bloomfield, N. J. We are most grateful for this assistance. 
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The mean values of the hydrolyses of acetylcholine, mecholyl, 
and benzoylcholine by 100 samples of serum from 18 untreated ma- 
ture cyclic female rats and by 40 samples of serum from 7 normal adult 
males are contained in Table 1. Since no two samples of blood were 
taken from an individual rat in a single day and since considerable 
upward and downward trends in enzyme level were common, es- 
pecially in the female as shown below, it seems justifiable to consider 
the various enzyme values for the samples of blood from a given indi- 
vidual as largely independent of one-another. Hence the standard 
errors in the table were calculated using as n, 100 and 40, respectively 
for female and male samples. There are obvious sex differences in the 


TABLE 1. CHOLINESTERASES IN MALE AND FEMALE RAT SERUM 








Cholinesterase activity! 
(ul. 0.077 N NaOH /hr./0.61 ul. serum) 


Total Mecholyl % | Benzoylcholine 
acetylcholine hydrolysis of hydrolysis 
hydrolysis (specific ChE) | Ach| (non-specific ChE)| Ach 


Female 100 | 0.741 +0.028| 0.0567+0.0025 | 8 | 0.1466+0.0064 | 20 
Male 40 | 0.148+0.005) 0.0503 +0.0035 | 34 | 0.0159+0.0017 | 11 














1 Mean +Standard Error. 


hydrolyses of acetylcholine and benzoylcholine, confirming Mundell’s 
(1944) finding that non-specific cholinesterase is largely responsible 
for the greater acetylcholine-hydrolyzing capacity of female serum. 
Mundell also claimed a statistically significant sex difference in spe- 
cific cholinesterase activity but the present results fail to confirm this: 
P >0.1 for the difference between 0.0567 + 0.0025 and 0.0503 + 0.0035. 

There was a wide range of variation in acetylcholine-hydrolyzing 
capacities of sera of sexually mature females, values in the 100 sam- 
ples ranging from only slightly greater than the male level to about 
ten times that figure. To demonstrate that the differences were caused 
largely by variations in non-specific cholinesterase, calculations have 
been made of the degrees of correlation between the hydrolyses of 
each two substrates by the 100 individual samples of female serum. 
A high degree of positive correlation was found between total acetyl- 
choline hydrolysis and non-specific cholinesterase activity (r, co- 
efficient of correlation, =0.84). Much lower degrees of correlation, 
although still statistically significant, existed between acetylcholine 
hydrolysis and specific cholinesterase (r=0.47) and between specific 
and non-specific cholinesterases (r=0.43). These results indicate that 
the factors responsible for the extreme fluctuations in acetylcholine 
hydrolysis in the female, act principally upon non-specific cholines- 
terase. 

Illustrative of this dependence of acetylcholine cleavage on non- 
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specific cholinesterase is figure 1. Here is shown the parallelism be- 
tween acetylcholine and benzoylcholine hydrolysis during two months 
of upward and downward trends in serum enzyme content in indi- 
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Fia. 1. Parallelism between total acetylcholine hydrolysis and non-specific cho- 
linesterase activity of female rat serum in 3 examples (A, B, C) during various long- 
term trends in enzyme level. (A) A pregnancy followed by lactation. (B and C) Cyclic 
females. (D) Male enzyme levels for comparison. Hydrolysis is expressed in terms of 
pl. 0.077 N NaOH /hr./0.61 ul. serum. 


vidual females. The low but relatively constant male enzyme values 
are included for comparison. 

In most of the experiments to be reported in this paper the hy- 
drolyses of all three substrates were measured. However, inasmuch as 
the activity of non-specific cholinesterase, the enzyme which appears 
to be more affected by hormonal changes, is paralleled by acetyl- 
choline hydrolysis, the results of further experiments will be expressed 
in terms of the latter substrate only. 
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Serum cholinesterase in cyclic female rats 


Curves B and C of figure 1 illustrate in addition to the parallelism 
between acetylcholine and benzoylcholine hydrolyses, the types of 
trends in enzyme activity observed in the sera of untreated cyclic 
female litter mates. The wide range of variation in cyclic females is 
apparently a function of several factors. With increasing age until 
late in the first year after birth, there is a general upward “growth” 
trend of serum cholinesterase; thereafter the enzyme levels tend to 
remain high. The example in figure 1, B, is typical. As indicated by 
this curve considerable fluctuation occurs about these general trends, 
but marked depressions such as that after the peak in figure 1, C, are 
exceptional. These sisters had been followed by daily vaginal smears, 
beginning at 76 days of age, and were normally cyclic before and 
during the interval illustrated, except for a very short period of 
prolonged vaginal cornification at about 200 days in one animal 
(Fig. 1, B). Coincidence of persistent estrus with high peaks and pla- 
teaus in the cholinesterase curves of many older animals will be dis- 
cussed later. 

An additional factor responsible for wide differences in enzyme 
level in cyclic females is not related to age, but rather to intrinsic 
individual peculiarities of unknown character. For example, in one 
litter group there were two females, one of which had consistently 
about twice as much serum pseudo-cholinesterase as her sister. This 
ratio was unaffected by castration and subsequent estrogen adminis- 
tration to both animals. Other data pertaining to this question will 
be reported in the next paper of this series (Everett & Sawyer,1946, 
b). 

Since early assays revealed the long-term trends in enzyme level 
just described, an attempt was made to determine whether fluctua- 
tions also occurred which could be correlated with the various stages 
of the estrous cycle. The results are presented in figure 2. In figure 
2, A, the mean esterase level during each estrous cycle is drawn as a 
horizontal line and fluctuations about each mean are given as per- 
centages of the mean value. To avoid confusion the percentage scale 
is included only once but the same scale applies to all of the curves. 
It is apparent that the results of daily measurements of enzyme con- 
tent during as many as 3 consecutive estrous cycles from each of 5 
rats reveal no consistent fluctuations that can be correlated with the 
stages of the cycle. The data on all 5 animals are collected in figure 
2, B, grouping all of the percentage deviations of a given stage to- 
gether. No significant trends during the various stages of the estrous 
cycle can be seen. 


Persistent estrus and serum cholinesterase 


As indicated above, high peaks and plateaus in the serum enzyme 
trends in older Vanderbilt female rats are frequently accompanied 
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by transient or prolonged periods of persistent estrus. A special study 
of this relationship was undertaken, employing rats of the DA strain. 
Serum cholinesterase trends were observed during persistent estrus 
induced by continuous illumination, during the onset of spontaneous 
persistent estrus and during the restoration of cycles by progesterone 
in persistent-estrous animals. The results are summarized in Figure 3. 
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Fig. 2. Deviations of serum cholinesterase activity among daily determinations in 
successive 4-day cycles of 5 female rats. Deviations are expressed as percentages of the 
mean for each cycle. There appear to be no consistent cyclic trends in enzyme level. 
Each open circle in B represents the mean of all points for the given stage. 


Four young litter mates were used in the continuous light experi- 
ment: two subjected to continuous illumination for 17 days and 2 
controls kept at a normal length of day. The two controls showed 
only the slight rise in serum enzyme characteristic of the “growth” 
trend in young animals. One of the experimental rats failed to show 
prolonged estrus until late in the period of continuous illumination, 
and then it appeared as an extra day of full cornification in two suc- 
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cessive cycles; her enzyme level rose only slightly above the level of 
the controls. The other experimental animal, whose curve is in figure 
3, A, had two 7-day periods of persistent estrus and her serum es- 
terase rose sharply during this time, dropping again after normal 
length of daylight and normal cycles were resumed. 

In the study of spontaneous persistent estrus it was found in DA 
rats that coincident with, and even slightly before, the onset of this 
condition the esterase curve rises somewhat more sharply than the 
earlier growth trend. In figure 3, B, the slope is steeper in the sister 
first showing persistent estrus; it parallels the slope of the younger 
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Fic. 3. Elevation of serum cholinesterase levels associated with persistent estrus 
induced by continuous illumination (A) and with the onset of spontaneous persistent 
estrus (B) in rats of the DA strain. Temporary restoration of cycles (C) by progesterone 
therapy is accompanied by a simultaneous reduction in serum cholinesterase activity. 


animal in continuous light (fig. 3, A). It was noted in two instances 
that in litter groups which included both persistent-estrous and cyclic 
individuals, the former had significantly higher cholinesterase levels. 

In the light of the last observation it was of interest to determine 
the effect of experimental restoration of cycles to persistent-estrous 
rats by progesterone therapy. The experiment (fig. 3, C) was per- 
formed on the two rats represented in figure 3, B, and also on a third 
sister, all of whom had shown long periods of vaginal cornification 
preceding the experiment. During the month in which they were 
cyclic their serum enzyme declined to about 60% of the level main- 
tained during persistent estrus. After the rats were allowed to return 
to the latter condition the higher enzyme level was resumed. 

Thus it would appear that the phenomenon of persistent estrus, 
whether spontaneous or light-induced, is accompanied by an elevated 
serum cholinesterase activity, and that enzyme values decline with 
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the experimental restoration of cycles. For reasons to be presented 
later we do not regard the enzyme decrement here to be the specific 
effect of progesterone, but strictly the result of cyclic as opposed to 
continuous estrogenic stimulation. 


Serum cholinesterase during pregnancy and after parturition 


Pronounced changes in serum enzyme content were: observed 
during pregnancy and pseudopregnancy. The composite serum es- 
terase curve of 8 females during pregnancy and after parturition is 
presented in figure 4. Enzymes values are expressed as percentages of 
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Fic. 4. Serum cholinesterase activity during pregnancy and lactation. 


the prepregnancy level. Actual values for these pre-fertilization 
levels in the usual terms (ul. 0.077 N NaOH/hr./0.61 ul. serum) 
varied from 0.40 to 1.05. During the first half of pregnancy there is a 
slight depression of enzyme content but in the second half the curve 
rises to very high values, reaching a peak about 3 days before par- 
turition. There follows a sharp decline which continues after parturi- 
tion. In animals not allowed to lactate (and hence, resuming cycles at 
once) the depression is less marked than during lactation, and the 
pre-fertilization level is regained within 2 weeks. Lactation is attended 
by a prolonged severe depression of enzyme content which is not 
abated until the time of weaning. Termination of lactation is followed 
by a gradual rise to pre-pregnancy values, as estrous cycles reappear. 


Pseudopregnancy and serum cholinesterase 


During pseudopregnancy induced by sterile mating the cholines- 
terase content in the female serum is depressed somewhat more than 
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during the first half of pregnancy. Figure 5, A, shows the results of 
pseudopregnancy on the serum enzyme of 3 females. This depression 
might be the result of a suppression of estrogen secretion, a positive 
depressing action of progesterone, or both. The uncertainty was re- 
solved by experiments in which progesterone was injected into cyclic 
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Fic. 5. Pseudopregnancy and serum cholinesterase activity. A. Pseudopregnancy 
induced by sterile mating. B. Suppression of vaginal cycles by daily injection of 
progesterone was accompanied by gradual depression of the enzyme (closed symbols). 
Injection confined to proestrus of each cycle failed to depress enzyme activity (open 
symbols). C. Pseudopregnancy induced by administering estrogen; estradiol crystal 
implants (closed symbols), estradiol benzoate injections in oil (open symbols). 


and castrated females and by induction of pseudopregnancy with 
administered estrogen. 

Three sets of experiments were undertaken, two of which are 
summarized in figure 5, B, in which progesterone was administered 
either daily or during proestrus of each cycle. Progesterone (1.5 mg. 
daily) was injected for 18 days into each of two cyclic females; 
cholinesterase activity was depressed to about the same degree as 
during pseudopregnancy induced by sterile mating. Estrogen secre- 
tion was presumably suppressed as evidenced by the interruption of 
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estrous cycles. One mg. progesterone, injected into each of two cyclic 
females every time their vaginal smears indicated proestrus, failed to 
affect the estrous cycle; cholinesterase values were actually slightly 
elevated—certainly no enzyme depression followed this treatment. 
Progesterone (1.5 mg.) injected daily into each of two ovariectomized 
females failed to affect their serum cholinesterase levels; this experi- 
ment will be reported in detail in paper two of this series (Everett 
and Sawyer, 1946, b). These results demonstrate that progesterone 
has no direct effect on serum cholinesterase level; the only.depression 
of enzyme activity following administration of progesterone occurs 
secondarily to suppression of estrogen secretion. 

The fact has been long established that estrogens stimulate corpus 
luteum secretion in rats (Hohlweg, 1934; Wolfe, 1935; Desclin, 1935; 
Selye, Collip and Thomson, 1935; Ellison and Burch, 1936; Nelson, 
1936). These and later workers administered estrogen in large daily 
injections. It is now known that a single subcutaneous injection of 
50 ug. of estradiol benzoate in oil soon after ovulation results in a 
pseudopregnancy of duration similar to that produced by sterile 
mating (Everett, unpublished). Although the estrogen tends to sup- 
press deciduoma formation, the presence of well-developed alveoli in 
the mammary glands (Turner, 1939) and the suppression of vaginal 
cornification (Astwood, 1941) furnish ample evidence of corpus 
luteum secretion in such experiments. Four of the pseudopregnancies 
illustrated in figure 5, C, were of this type. In the two additional 
cases we implanted small crystals. of estradiol subcutaneously at a 
similar stage of the cycle. Here also, there was corpus luteum activa- 
tion and for protracted ‘periods (21 and 26 days, respectively) as 
evidenced by the duration of vaginal mucification.’ In all of these es- 
trogen-induced pseudopregnancies it is apparent that the serum 
cholinesterase level, far from being depressed, was elevated to heights 
as great as those seen in the second half of pregnancy. 

Thus “natural” pseudopregnancy and estrogen-induced pseudo- 
pregnancy have opposite effects on the serum cholinesterase content ; 
the esterase curve for the former is very similar to that for the first 
half of pregnancy, while estrogen induced pseudopregnancy simulates 
the last half of pregnancy as far as its serum esterase content is con- 
cerned. It is clearly evident that cholinesterase depression during 
“natural” pseudopregnancy and the first half of pregnancy is the 
result of suppression of estrogen secretion rather than a positive 
enzyme depression by progesterone. It is also clear that functional 
corpora lutea do not inhibit estrogen-induced elevations of serum 
cholinesterase. 


3 Subsequently the vaginal smears became fully and continuously cornified. In 
other rats similarly treated the ovaries were removed and preserved during the pseudo- 
pregnant phase. Their corpora lutea were found to be enlarged and closely resembled 
those of pregnancy when studied histochemically (Everett, unpublished). 
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DISCUSSION 

The acetylcholine-splitting enzyme in rat serum whose production 
is in some manner controlled by sex hormones is non-specific or 
pseudo-cholinesterase (Mundell, 1944). The present work corrobo- 
rates this finding but fails to confirm Mundell’s other claim that a 
significant sex difference also exists in the specific or true cholines- 
terase in rat serum. This phenomenon, in which female serum 
hydrolyzes acetylcholine faster than male serum, appears to be pe- 
culiar torats and mice; in man and the guinea pig the serum of sexually 
mature males hydrolyzes more acetylcholine than does female serum 
(Zeller, Birkhauser, Wattenwyl and Wenner, 1941, a, b). 

Whereas specific cholinesterase has a well understood function in 
neural transmission, the function of non-specific cholinesterase is un- 
known (Mendel and Rudney, 1944; Sawyer and Hollinshead, 1945). 
It has been known for years (Slonaker, 1924) that female rats exhibit 
increased motor activity at estrus. It was partially to investigate the 
possibility of a correlation between cyclic changes in motor activity 
and serum cholinesterase level that the present studies were initiated. 
No such cyclic fluctuations in enzyme have been observed. 

Moreover, Mendel and Rudney (1944) have demonstrated, and 
the present authors (unpublished) have confirmed the finding, that 
the non-specific cholinesterase in rat serum can be inhibited as much 
as 80% without producing noticeable physiological effects. The 
enzyme is not specific for choline esters (Mendel and Rudney, 1943) 
and it seems quite possible that its presence in blood serum may be 
for the purpose of hydrolyzing some ester other than acetylcholine. 
Since the hydrolyses of acetylcholine and benzoylcholine invariably 
parallel each other, the benzoylcholinesterase present in certain rodent 
livers (Sawyer, 1945) is either absent from, or insignificant in,rat serum. 

Notwithstanding the lack of possible universal application of 
specific results and the want of definite knowledge of the function of 
non-specific cholinesterase, the investigation of a definite hormone- 
enzyme relationship is a problem of fundamental nature. The sex 
differences in rat serum cholinesterase are so marked, and quantita- 
tive micromethods of measuring cholinesterase activity have been 
developed to such a high degree of accuracy, that rat serum non- 
specific cholinesterase is a very promising enzymic material with 
which to study the in vivo effects of endocrine secretions. 

The early studies of Zeller and his colleagues (op. cit.) may be con- 
sidered as preliminary. The present work extends their investigations 
(1) by considering both specific cholinesterase and non-specific 
cholinesterase, (2) by recording enzyme trends in individual animals 
for long periods of time during which experimental alterations in their 
hormone levels were made by physiological methods and followed by 
daily vaginal smear records, and (3) by studying a greater number of 
hormonally different conditions of the intact rat. Hence the validity 
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of the results is raised by increases in the number of individual 
determinations and in the variety of recognized hormonal conditions, 
and by a decrease in the non-hormonal variability of the sources of 
enzyme (i.e., serum from the same animal under differing hormonal 
conditions). 

The initial studies of cholinesterase in rat livers by the Swiss 
workers were done before the differentiation of cholinesterase into 
specific and non-specific enzymes had been made. It is now apparent 
that in the liver of either sex non-specific cholinesterase is more 
strongly concentrated than is specific cholinesterase (Sawyer, 1945; 
Sawyer and Everett, unpublished). Neither male nor female rat 
livers have the same relative amounts of specific and non-specific 
cholinesterases as have the sera of the two sexes; non-specific cholin- 
esterase is relatively more concentrated in the male liver than in male 
serum, and specific cholinesterase is relatively more active in the fe- 
male liver than in female serum. Nevertheless Birkhauser and Zeller 
were able to demonstrate without question that the livers of sexually 
mature females had 5 times as much total acetylcholine-hydrolyzing 
capacity as juvenile females or mature males. 

The only other observations of Zeller and Birkhauser on intact 
animals which bear on the present work are concerned with enzyme 
levels during pregnancy. Each point in their pregnancy curve repre- 
sents a different rat, and since considerable variation occurs among 
different animals of closely inbred strains even at the beginning of 
pregnancy (fig. 4), the validity of their results is weakened. They 
failed to detect a decline in enzyme values during the first half of 
pregnancy; indeed they placed the highest point in the rise at ten 
days after fertilization on the basis of two animals, the beginning of 
whose pregnancies had not been dated. The serum enzyme maximum, 
we find, is reached much later. The peak in liver non-specific cholines- 
terase may truly precede the rise in serum cholinesterase but it cannot 
be considered established by the preliminary experiments of the Swiss 
workers. Although they did not mention lactation, their curve following 
parturition is very similar to the present serum esterase curve during 
lactation. 

In most of the conditions reported in the present paper in which 
serum cholinesterase values are maximal, the rat’s estrogen secretion 
presumably is relatively ‘‘high’’ and continuous. In particular we 
refer to the persistent-estrous state, the last half of pregnancy and 
experimental estrogen-induced pseudopregnancy. The more inter- 
mediate enzyme values usually observed in cyclic females may well 
result from a discontinuity of estrogen secretion. The presence or 
absence of functional corpora lutea appears to make no difference in 
the high enzyme levels resulting from the steady action of estrogen, 


as demonstrated in the experimental estrogen-induced pseudopreg- 
nancies. 
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Furthermore, when the serum cholinesterase level of females is de- 
pressed this effect appears to be produced entirely by diminished es- 
trogen, with the probable exception of the severe decline during lac- 
tation. Thus a slight depression occurs during the first half of preg- 
nancy, while a somewhat greater decrease is found during ‘‘natural’’ 
pseudopregnancy and during artificial pseudopregnancy induced by 
daily progesterone administration. The enzyme decrement observed 
when cycles were induced in persistent-estrous rats by progesterone 
was probably the result of a change from a fairly continuous estrogen 
secretion to one of cyclic nature, for no depression of enzyme values 
of normally cyclic rats was found after similar treatment. None of 
these enzyme changes is caused by a direct action of progesterone. 

However the depression in enzyme activity observed at parturition 
and during lactation was very rapid and so severe in 4 out of 5 cases 
as to reach the normal male level, far below the esterase values usually 
assumed after ovariectomy (Birkhauser and Zeller, 1941, Everett 
and Sawyer, 1946, b). This indicates that some factor other than mere 
withdrawal of estrogen may be responsible for the low activity, i.e, 
a positive depression rather than a lack of activation. Possible factors 
other than estrogen and progesterone levels which may have a bearing 
on this reduced enzyme activity will be considered in the second paper 
of this series (Everett and Sawyer, 1946, b). 

The enzyme ‘‘growth”’ trends, the question of continuity of estro- 
gen supply and the problem of cyclic changes in cholinesterase all 
appear to be inseparably related.The failure to detect any correlation 
between fluctuations of serum cholinesterase and stages of the estrous 
cycle may mean that, although slight changes do occur as a result of 
variation in estrogen secretion, they are obscured by greater variations 
due to other causes. Or possibly the changes in estrogen are of too 
short duration to register fully on the serum enzyme level. As cycles 
give way to persistent estrus with advancing age in some rats, it is 
apparent that periodic estrogen secretion is replaced by a fairly con- 
tinuous one. However, as stated previously, the outward signs (in 
the vaginal smear sequences) of this change-over are typically pre- 
ceded by a sharp rise in serum enzyme beginning several cycles earlier 
and, furthermore, some animals reach high enzyme levels without 
manifest changes in the cycles. Does this mean that even though the 
vaginal smear stages are of normal duration there is, with age, 
progressive increase in the duration of estrogen secretion in each 
cycle? 

One must recognize that the short, telescoped 4 and 5-day cycles 
of the rat are hardly comparable with the “typical’’ mammalian 
cycle. The latter is better represented in rats by the long pseudopreg- 
nant cycle. Here we have demonstrated a depression of the cholines- 
terase level during the long diestrous interval, but only after the en- 
zyme had reached a moderately high value during many short cycles. 
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Were a group of young female rats to be housed continually with 

vasoligated males so as to produce a sequence of pseudopregnan- 

cies, little “growth” of the enzyme would probably occur. Under 

such circumstances no great fluctuation of cholinesterase would be 

encountered and, further, the enzyme levels in such females might be 

little greater than the male level. Conceivably, then, the shortness of : 
the ordinary cycle in rats and mice is one factor which makes the sex 

difference of cholinesterase so marked and easily recognized in these 

two species. , 

Other questions meriting consideration include by what means 
estrogen increases the production of the enzyme; it has been shown 
not to be an in vitro activator. Where is the serum enzyme synthesized? 
How are the enzyme in serum and that in liver related? Do other 
tissues and organs in the rat show a sex difference in non-specific 
cholinesterase content? Does testosterone counteract the estrogen 
effect? Are other endocrine glands concerned in the maintenance of 
serum cholinesterase level? These and still further questions will be 
considered in subsequent papers of this series. 





SUMMARY 


Non-specific cholinesterase is many times more concentrated in 
the serum of mature female rats than in male serum. Enzymic activity 
was measured by a microchemical titrimetric method, and the sera of 
some individual rats were followed for as long as a year and a half. 
Certain long-term trends in enzyme level were noted in the sera of 
normal females, but no short-term fluctuations were observed which 
could be correlated with stages of the estrous cycle. 

Conditions in the intact female rat in which the serum enzyme 
levels are high are also conditions in which relatively “high” and con- 
tinuous estrogen levels are known or extremely probable: (1) spon- 
taneous or light-induced persistent estrus, (2) the last half of preg- 
nancy, and (3) pseudopregnancy induced by injecting estrogen. Con- 
ditions in which the enzyme levelisdepressed are those in which ‘‘low”’ 
estrogen levels are probable: (1) the first half of pregnancy, (2) pseu- 
dopregnancy induced by sterile mating or by the daily administration 
of progesterone, (3) the postpartum state without lactation (moderate 
depression), and (4) lactation (extreme depression). Serum cholines- 
terase therefore appears to parallel estrogen level but to be inde- 
pendent of progesterone level. Estrogen does not affect the activity 
of cholinesterase directly; rather, the hormone stimulates synthesis 
of the enzyme. 
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EFFECTS OF CASTRATION AND TREATMENT 
WITH SEX STEROIDS ON THE SYNTHESIS 
OF SERUM CHOLINESTERASE 
IN THE RAT! 


JOHN W. EVERETT anp CHARLES H. SAWYER 
From the Department of Anatomy, Duke University School of Medicine 
DURHAM, NORTH CAROLINA 


IN THE preliminary studies by Birkhauser and Zeller (1940) and 
Zeller and Birkhauser (1941) regarding the influence of sex in rats 
upon the cholinesterase content of the liver, it was stated that while 
female livers contain 5 to 8 times as much cholinesterase as the male, 
ovariectomy results in a lowering of the enzyme content in the female 
to a value somewhat above that found in normal males. Orchidectomy, 
on the other hand, was said to result in a slight elevation. They also 
studied the effects of injection of estradiol into castrated animals of 
either sex and found that after such treatment the liver enzyme con- 
tent was of an order similar to that in normal females. 

The limitations as discussed by Sawyer and Everett (1946) with 
respect to the work of the Swiss investigators upon intact animals 
also apply to their studies on castrated rats. In particular they could 
make only one (terminal) assay in a given animal and thus they 
could not know the previous enzyme levels in that individual under 
other conditions. From the limited number of such terminal assays 
which they presented, it is impossible to judge the rapidity of enzyme 
change after castration or after hormone treatment. Incomplete 
information as to the time interval between the period of estrogen 
treatment and the day of autopsy for each rat (Zeller and Birk- 
hauser, 1941) causes uncertainty as to whether the elevated enzyme 
values reported in their estrogen experiments were maximal or merely 
residual effects following earlier higher levels. Because of lack of simi- 
lar information in progesterone-injection experiments and the fact 
that each rat received very small amounts of progesterone (only 0.5 
mg. in oil 3 times during one or another of the 5 weeks preceding 
autopsy), the reported data (Zeller and Birkhauser, 1941) do not 
adequately demonstrate whether progesterone has any effect by itself 
on liver cholinesterase. With respect to possible synergism of pro- 
gesterone with estrogen, Birkhauser and Zeller (1940) administered 3 
injections of estradiol dipropionate (100 ug. each) to 3 castrated fe- 
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males at intervals of 18 and 9 days, respectively. Twenty-two days 
after the first estrogen treatment they injected 1.0 mg. of progesterone. 
The rats were killed for enzyme assays 12 and 13 days later (7 and 8 
days after the final estrogen injection). Again, the single dose of 
progesterone was patently inadequate, for 1.5 mg. per day is required 
to suppress estrous cycles in rats (Phillips, 1937; Everett, unpub- 
lished), and the long interval between the injection and the date of 
assay precludes any likelihood that the results were modified by pro- 
gesterone treatment. Evidence presented by Sawyer and Everett 
(1946) indicates that progesterone does not modify the effect of 
estrogen on serum cholinesterase. 

To our knowledge there has been no investigation of the effects of 
androgens on cholinesterase in rats, although the probability of some 
effect is strongly suggested by the observation of the Swiss authors 
(Birkhauser and Zeller, 1940) that after castration the liver enzyme 
in individuals of both sexes approaches an intermediate level. 

The present study supplements the information reported in the 
first paper of this series (Sawyer and Everett, 1946) and confirms 
earlier evidence that estrogen causes elevation of cholinesterase in 
blood serum. The statement by Birkhauser and Zeller (loc. cit.) 
that estrogen elevates the liver enzyme is thus indirectly confirmed. 
Amplifying our information on the effects of progesterone as first 
reported, it is now shown that this hormone in physiological doses 
has no effect upon the serum enzyme in castrated rats, whether given 
alone or together with estrogen. On the other hand, it appears that 
testosterone actively depresses the serum enzyme to the male level, 
even in the presence of estrogen. 


MATERIAL AND METHODS 


The bleeding techniques and assay procedures were described in the 
preceding paper (Sawyer and Everett, 1946). All rats reported here were 
members of the inbred normal (Vanderbilt) strain. Vaginal smears were 
made daily on all experimental animals throughout the periods of enzyme 
study. 

Castrations in either sex were performed through mid-ventral incisions 
under ether anesthesia. Five to ten minutes before administering ether each 
rat was given hypodermically an injection of an aqueous atropine sulfate 
salution (1.0 mg. per 100 gms. body weight). After removal of the gonads the 
muscular body wall and peritoneum together were repaired with black silk 
thread. The skin incision was closed with wound clips. 

Hormones were administered subcutaneously in various ways. Proges- 
terone and testosterone propionate? were injected as sesame oil solutions 
each containing 5 mg. per cc. Estradiol benzoate? was injected as a sesame 
oil solution, containing 0.33 mg. per cc. The standard dose was 50 ug. 





2 We are indebted to Dr. Erwin Schwenk of the Schering Corporation, Bloomfield, 
N. J., for the progesterone, estradiol benzoate and a portion of the estradiol used 
in this study; and to Ciba Pharmaceutical Products, Inc., for estradiol and testosterone 
propionate. 
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(300 x.v., 0.15 cc.) per injection. Estradiol? was injected in certain cases as a 
sesame oil solution containing 0.25 mg. per cc., prepared from the crystalline 
hormone. The standard dose was 25 yg. (300 r.v., 0.1 cc.) per injection. 
Estradiol crystals were implanted by means of an 18 gauge hypodermic 
needle. The crystal was placed in the needle near its tip, and after inserting 
the tip well under the skin the wire plunger was used to drive the crystal 
into place. The weights of the crystals were known only approximately: 
most of them were probably over 50 ug. and less than 200 ug. In numerous 
experiments beeswax pellets containing ca. 100 ug. estradiol were implanted, 
either coincident with some other operation such as castration or, on other 
occasions, by making a } cm. ventral skin incision and inserting the pellet 
far into a subcutaneous pocket. 

In preparing the beeswax-estradiol pellets commercial beeswax was fil- 
tered while hot into a beaker of known weight. The filtrate was weighed 
when cool, remelted for addition of hot absolute ethanol containing the 
required amount of estradiol, calculated as 100 yg. estradiol per 10 mg. 
beeswax. The alcohol was boiled off and the hot beeswax was extruded in the 
form of long cylinders through a 16 gauge hypodermic needle into cold 
water. The cylinders were later cut into lengths weighing approximately 
10 mg. and thus containing approximately 100 ug. of the estrogen. 


RESULTS 


In the first report (Sawyer and Everett, 1946) it was indicated 
that the hormone-induced changes in total serum cholinesterase are 
largely confined to the non-specific enzyme. In certain experiments 
among those described below we have made occasional assays in 
which the specific and non-specific enzymes were differentiated by the 
use of mecholyl and benzoylcholine as substrates (Mendel, Mundell 
and Rudney, 1943). It was apparent in these cases that the changes 
in total acetylcholine hydrolysis were accompanied by parallel changes 
in benzoylcholine cleavage, but not in the hydrolysis of mecholyl. 
We shall in this paper confine our attention to the total cholinesterase 
activity. 

Castration 


Figure 1 illustrates the comparative effects of castration in the two 
sexes. Four rats are represented by each of the curves shown. The 
serum cholinesterase activity a few hours before the operation was 
taken as 100% in the case of the females. In each of the males, on the 
other hand, the pre-castration enzyme level was determined by aver- 
aging three determinations: that on the day of operation and two 
others observed within the preceding week. This was feasible because 
the normal male does not exhibit the pronounced growth trends ob- 
served in the female (Sawyer and Everett, 1946). The mean pre-cas- 
tration level of the male was rated at 20% of the female level (cf. 
Sawyer and Everett, 1946, Table 1). It will be noted in figure 1 that 
the curves for the two sexes, if extended, would tend to approach 
each other. Two of the males, however, changed so little during the 
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first three months after the operation that if they alone had been 
studied one might have been forced to doubt that any post-castration 
elevation occurs in male serum as reported for the liver enzyme (Birk- 
hauser and Zeller, loc. cit.). 

In Table 1 the serum cholinesterase activity observed in 8 rats 19 
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Fia. 1. Effects of castration in rats on serum cholinesterase (ChE) levels: rapid de- 
cline in females, gradual elevation in males. Changes in females are expressed directly 
as per cent of pre-castration values, while pre-castration values for males are rated as 
20% of the female level, with subsequent changes in proportion (see text). 


to 21 days after castration are presented for comparison with previ- 
ously reported values for cyclic females and normal males. The 8 
castrated females include the 4 from which the curve in figure 1 
was derived. The fact that the value, 45% of the cyclic female level, 
is slightly higher than that at 20 days in figure 1 may be accounted 
for by the fact that the data for cyclic females in Table 1 includes 
values from younger rats. Our data do not allow a trye estimate of the 
final enzyme levels which would be reached by castrated females, if 
they remained untreated indefinitely. 
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Administration of Estrogen 


Immediately following the initiation of regimes of treatment in 
which estrogenic stimulation is probably continuous, or nearly so, a 
characteristic latent period is observed, following which a sharp in- 
crease of serum cholinesterase activity occurs. The rate of increase is 
greatest in the interval between 4 and 10 days after treatment. By 
the twentieth day the values are nearly maximal. Our most nearly 
complete data concerning the enzyme increment are those obtained 
following the subcutaneous implantation of estradiol erystals or 


TABLE 1. EFFECTS OF CASTRATION AND ADMINISTRATION OF ESTROGEN 
UPON SERUM CHOLINESTERASE LEVEL 








Per cent of 
9 post- 
castration 
level 


Total Per cent of 
—— N acetylcholine | cyclic 9 
hydrolysis!” level 





Cyclic 2 9 18 100 0.741 +0.0283 — 223 
Normal ¢'¢@ 7 40 0.148 +0.005% 20 45 
Castrated 9 9 8 8 0.332 +0.015 45 _- 
(19-21 days) 
Castrated ? 9 20 20 1.093 +0.027 148 330 
(chronic estrogen) (averages) 




















1 ul. 0.077 N NaOH /hr./0.61 yl. serum. 
2? Mean +Standard Error. 
? Reproduced from Sawyer and Everett (1946), Table 1. 


beeswax-estradiol pellets. The upper curve in figure 2 is derived from 
11 such experiments in females by grouping the assays of the several 
individuals at intervals of 2 days. The points shown along the solid 
line are the averages of such groupings. The slight downward inflec- 
tion indicated during the latent period was consistent in the 8 females 
for which we have assay data during the first 3 days. This may repre- 
sent merely the continuation of the downward post-castration trend. 
Beginning with the 3 to 4-day average, the ascending portion of the 
curve is derived from the following equation: 


log (120—A) = —1.36 log (7+1)+2.80 
where 
A =cholinesterase activity X 100, 
T =time in days. 


Of 2 castrated males, implanted with estradiol crystals, one ex- 
hibited an enzyme increment curve which was essentially coincident 
with the standard curve, reaching maximal values in the range, 
1.06-1.09, from the fifteenth day onward. The other reached its 
maximal values of 0.88 and 0.90 on the fifteenth and twentieth days, 
respectively. Converting the latter value to 1.10 and the other deter- 
minations in proportion, the resulting increment curve was very 
similar to that of the first male. 
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In 12 experiments castrated males (4 cases) and females (8 cases) 
were treated with repeated injections of 50 ug. estradiol benzoate in 
oil at intervals of 4 to 5 days (in most instances). As these cannot 
well be summarized, the curves representing 4 typical experiments 
are presented in figure 3, A. Female 2638.2 received 2 injections of 
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Fic. 2. Contrasting effects of continuous action of estrogen and of androgen upon 
the intermediate serum cholinesterase levels of castrated rats. Circles represent 2-day 
averages of data from 11 females implanted with estradiol crystals and pellets. The 
accompanying line is regarded as a standard curve of response to estrogen. Triangles 
represent averages of determinations in 2 individuals, @ and 9, treated with testos- 
terone propionate during the period indicated. 


estradiol benzoate spaced 4 days apart. The slight initial enzyme 
depression gave way to a rapid elevation after the second injection, 
reaching a maximum 5 to 7 days later. Had she received further in- 
jections at like intervals there is little doubt that the elevation would 
have continued as in the case of 9 2894.1 which was injected re- 
peatedly at 5-day intervals. In the case of this latter animal, no initial 
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depression of the enzyme was evident. However, we have no informa- 
tion as to her enzyme level before the first injection, nor were assays 
made on the second and third days afterward. The values shown for 
this rat after day 20 are higher than her subsequent average while 
receiving chronic estrogen therapy (mean =1.14). Of the two males 
illustrated one (& 2) received 2 injections of estradiol benzoate 4 
days apart (cf. 9 2638.2). This is the least effect of estrogen which 
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Fic. 3. A. Examples of serum cholinesterase responses to certain regimes of treat- 
ment with estradiol benzoate in oil; initial injection at zero time in each case; subse- 
quent injections in each experiment indicated by “‘e.’’ 

B. Gradual cholinesterase increment in a castrated female treated with spaced 
injections of 25 ug. estradiol, as indicated by the arrows above; little change in a cas- 
trated male similarly treated. Pronounced elevation in both animals when such injec- 
tions were given daily. 


we have observed in castrated males and is especially difficult to 
explain because on two later occasions (once with a series of spaced 
injections of estradiol benzoate and once with an implanted crystal) 
the serum enzyme activity of this same rat was raised to above 0.95. 
The other male in figure 3, A reached his maximum just above 0.80. 

In 2 experiments executed in parallel, the effects of spaced injec- 
tions of estradiol (25 ug. in oil) were studied in a castrated male and 
a castrated female, respectively, followed later by the injection of like 
doses at daily intervals (fig.3,B). Three such injections were adminis- 
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tered,on days0,11 and 19,respectively. During this period and the fol- 
lowing 7 days the male exhibited no significant elevation, while the fe- 
male evinced a gradual upward trend. The minor fluctuations shown 
from time to time during the 26 days could not be regarded as signifi- 
cant. On the twenty-sixth day daily injections were instituted, with 
the result that the slow upward trend in the female was strongly 
accelerated and a marked elevation was now observed in the male, 
beginning 5 or 6 days after the first daily injection. The slopes of the 
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Fic. 4. Range of variation of maximal serum cholinesterase levels produced by 
chronic estrogen stimulation in 39 female rats. Note the pronounced divergence in the 
progeny of one particular female. The remaining 30 cases include, in addition to 21 
castrate-chronic estrogen preparations, 3 cases of ‘‘spontaneous persistent estrus” and 
6 individuals (open circles) in which enzyme maxima were estimated from determina- 
tions made during late pregnancy. X—mean. 


curves from this time on became very similar to the standard estrogen 
response curve (fig. 2). The later history of these experiments is not 
important for the present, other than the fact that both animals 
eventually reached high enzyme levels under this regime. 

A generally lower maximal level in males, as contrasted with fe- 
males in similar experiments, may be construed from figure 3. Such 
may prove to be true when a greater number of males has been 
studied. However, in several females the estrogen-induced maxima 
have proven to be quite low,as illustrated in figure 4. Hence no signifi- 
cance can now be attached to the apparent sex difference. 

Figure 4 was designed to illustrate graphically the range of indi- 
vidual variation of estrogen-induced enzyme maxima among females, 
with particular reference to the exclusion of 10 cases in calculation of 
the mean enzyme level in castrate-estrogen experiments as listed in 
Table 1. The values from 39 rats are plotted here according to genetic 
background. The forebears listed at the left of the table represent 
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the first (42375) and fourth (#2472) litters of one pair of rats, in the 
sixth generation of close inbreeding. The pronounced divergence of 
the enzyme values in the progeny of 9 2472.1 is possibly related to the 
fact that in this particular line a defective breeding record was ob- 
served in the seventh generation. Since the 9 low values shown in this 
line are distributed among animals of three litter groups (eighth gen- 
eration) it seems well justified to conclude that they do not represent 
normal stock and hence to exclude them from calculation of the mean 
esterase value produced in castrated females by estrogen therapy. 
Equally aberrant, the low value 0.47 among the progeny of 9° 2472.2 
is also excluded from Table 1, for it lies well beyond the range of 3 
times the standard deviation. 


The difference between rates of enzyme decrement after castration 
and after estrogen exhaustion 


In 5 experiments in which injections of oily solutions of estrogen 
had been used to produce high serum enzyme levels and were then 
discontinued, it was observed that the enzyme subsequently declined 
but that the rate of decline was far more gradual than after ovariec- 
tomy (see fig. 3, A). Similarly, in 4 cases after the apparent exhaustion 
of implanted crystals as judged by the cessation of vaginal cornifica- 
tion, a slow rate of decline was observed. Since this slower rate of 
change could be the result of the action of small amounts of estrogen 
below the vaginal threshold, this possibility was tested experimentally 
by surgical removal of implanted crystals from three castrated females 
after high enzyme levels had been reached. Care was taken to remove 
sufficient tissue in the vicinity of the crystal to ensure the elimination 
of any minute fragments. After these procedures the rate of decline 
was again gradual. 

The data from the crystal-removal experiments were brought to- 
gether with those observed after exhaustion of implanted crystals 
and after discontinuance of injection therapy (fig. 5). In the injection- 
withdrawal group it was necessary to eliminate all data from males, 
for in them we could not estimate the time of estrogen exhaustion by 
vaginal smears. In the females this time was estimated as 48 hours 
preceding the appearance of anestrous smears, for in the erystal- 
removal experiments the smears were anestrous 2 days after the op- 
eration. On this basis it was necessary to eliminate 2 females whose 
enzyme level began to decline markedly while the smears were still 
cornified. We were left with 7 records which are summarized by the 
solid line in figure 5. The records of two extreme cases are also in- 
cluded: experiments in which estradiol crystals were removed at zero 
time. The points shown along the solid curve were determined by 
averaging data from all 7 experiments grouped at 4-day intervals. 
For direct comparison of this gradual enzyme regression with the 
rapid decline after castration the post-castration-regression curve has 
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been repeated here. As drawn on the percentage scale both of these 
might reach a common final level, but in terms of actual serum enzyme 
activity the estrogen-withdrawal curve would probably level off 
somewhat above the other. 

Since such a remarkable difference was observed between the 
rates of enzyme decrement after castration and after estrogen with- 
drawal, respectively, it appeared possible that some systemic effect 
of the operation itself might be responsible for the rapid decline in the 
castration experiments, quite aside from estrogen deprivation. This 





100; 


a 
POST-CASTRATION CURVE 
(FROM FIG. 1) 


- 
(= 
z 
ire) 
Oo 
ac 
WwW 
& 
> 
= 
“4 
= 
oO 
<z 
Ww 

= 
o 











.e] ; 7 i + 
Oo 10 20 30 40 50 
TIME IN DAYS AFTER ESTROGEN WITHDRAWAL 


Fic. 5. Gradual serum cholinesterase decrement after estrogen withdrawal. Aver- 
ages of all cases: black circles and solid line. Two extreme individual examples; open 
symbols and broken lines. Contrast with the rapid decrement after castration of cyclic 
females (dotted line). 


possibility was tested in 2 rats in which, with ovaries intact, the serum 
enzyme had been raised to maximal levels by the implantation of 
estradiol crystals. The rats were then ovariectomized and implanted 
at once with new crystals. The solid curve in figure 6, A shows that in 
spite of the continued action of estrogen the enzyme level declined 
sharply after the operation. Several days later it slowly began to re- 
turn toward the preoperative condition. In 4 similar experiments nor- 
mal cyclic females were castrated and implanted with beeswax-es- 
tradiol pellets at the time of operation. As shown by the broken line 
in figure 6, A, a rapid decline was found during the next 3 days, after 
which the enzyme rapidly rose to maximal values. It was thus appar- 
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ent that the operation itself was indeed responsible in some manner 
for the rapid initial post-castration decline, but it was still not known 
whether the effect was specifically the result of the removal of the 
ovaries per se or whether it was produced by other less specific fac- 
tors. 

For this reason, castrated females in which the enzyme levels had 
been elevated by implantation of beeswax-estradiol pellets were op- 
erated upon in the following manner. In 2 cases unilateral hysterec- 
tomy was performed through a mid-ventral incision, removing about 
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Fic. 6. Non-specific systemic effects of various operations resulting in rapid, but 
transient decline of serum cholinesterase. 











2 of the left uterus. In the other 2 rats a simple mid-ventral incision 
about 3 cm. long was made through the skin and the linea alba. The 
viscera were moved about briefly with a probe as they would be in 
approaching uterus or ovaries. The linea alba incision was repaired 
as usual with black silk thread and the skin incision was closed with 
wound clips. In figure 6, B it is seen that an initial rapid drop was 
observed in all 4 animals. In this group the rate of recovery to the 
pre-operative level was much more variable than in either of the 
groups of castration experiments described above. 

In all of these cases of estrogen withdrawal and operations in which 
recovery to the pre-operative level occurred, the hormonal conditions 
were, of course, different from those following simple ovariectomy. It 
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appeared possible that were the source of estrogen removed coincident 
with some non-specific operation that this would cause a rapid de- 
pression of the serum enzyme as in the above experiments and that, 
once depressed, the enzyme level would remain low in the absence of 
the estrogenic stimulation. In 2 cases, therefore, beeswax-estradiol 
pellets were removed from castrated females after the enzyme had 
reached high levels (fig. 7). At the same time, laparotomies were per- 
formed in the manner described above. The serum enzyme was rapidly 
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Fic. 7. Sudden, transient depression of serum cholinesterase, followed by recovery 
to higher values and gradual decrement. Open symbols, solid lines: laparotomy per- 
formed at removal of estrogen pellets. Black squares, broken line: similar sequence 
following castration of a rat which had exhibited “spontaneous persistent estrus’ for 
many weeks. Contrast with the results of castration of cyclic females (dotted line). 


depressed at first, then returned to about 90% of the starting level, 
after which a gradual decline set in. Of these two animals, the one 
which exhibited the more pronounced post-operative depression is the 
more significant, for on two previous occasions, once after simple re- 
moval of an estradiol crystal and, again, after withdrawal of estradiol 
benzoate injections, her serum enzyme level changed relatively little 
during the first 15 days, quite unlike other animals under similar 
circumstances. The other of the two rats, showing a less extreme post- 
operative decline, would be less convincing by herself, since her later 
record was somewhat erratic, as illustrated. 

One obvious difference between castration and removal of the 
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source of estrogen supply in castrate-estrogen preparations is that in 
the latter instance estrogen stimulation has been continuous for a 
considerable time preceding the withdrawal, while in cyclic females 
estrogenic stimulation has presumably been periodic. Evidence sug- 
gesting that the continuous estrogenic stimulation may be responsible 
for the slower decline after removal of the source of estrogen, is 
offered by the history of an old female (Vanderbilt strain) which was 
castrated after several months of spontaneous persistent estrus. The 
post-castration record of this animal is included in figure 7, to indicate 
the similarity with the last two experiments described above. An 
initial rapid decline was followed by recovery to a considerably 
higher value, after which a gradual decrement was observed, quite 
different from the rapid regression after ovariectomy of cyclic females. 

Further study of this question of rate of decline of serum enzyme 
after estrogen withdrawal will be considered in a subsequent report, 
in connection with the rédle of the hypophysis in regulation of the 
synthesis of non-specific cholinesterase. 


Administration of androgen 


The lowermost curve of figure 2 shows the result of administra- 
tion of testosterone propionate (1.0 mg. in oil, daily subcutaneous 
injections) to 2 castrated rats, male and female, respectively. Both 
had previously been treated with estradiol benzoate injections, but 
following the rise of enzyme level resulting from the estrogen treat- 
ment, the serum cholinesterase activity had regressed to fairly stable 
levels ( 9 :ca. 0.40; @:ca. 0.30).? The values from the enzyme deter- 
minations of the 2 rats during the period shown on the graph were 
averaged to give the points as plotted. It should be noted that the 
return to intermediate values after the period of injection was far 
-more rapid than the rise after castration of males (cf. fig. 1). 

In 2 other experiments daily injections of testosterone propionate 
were given to a castrated male and a castrated female, in both of 
which the serum enzyme had been elevated to high levels by estrogen 
treatment (estradiol benzoate in oil at 5-day intervals). The lower 
set of curves in figure 8 represents these experiments. An injection of 
the estrogen was given to each animal on the day when androgen was 
first administered (zero time). Without the androgen this injection of 
estrogen ought to have maintained a high enzyme value for at least 
6 days, but instead an immediate decline was observed which continued 
eventually to the male level, as shown. As a crucial test of the ability 
of androgen to negate the effect of estrogen, an additional injection of 
50 wg. of estradiol benzoate was given on the dates indicated, while 
androgen therapy was continued. No significant elevation of the 


3 As noted in the previous section, the minimal enzyme values reached after estro- 
gen withdrawal tend to be higher than those found after castration of cyclic females. 
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serum enzyme activity was noted. The slight apparent increases 
shown on days 21 and 33, respectively, are within the range of tech- 
nical error. In the former instance the preceding determination had 
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Fic. 8. Contrasting results of daily administration of progesterone (open symbols) 

and of testosterone propionate (black symbols) to castrate-estrogen preparations. 
Serum cholinesterase had been elevated by a regime of estrogen injections before each 
experiment. Estradiol benzoate was injected in each case at zero time and again 
where indicated by “e.”” Dotted line: the enzyme regression curve from estrogen with- 
drawal experiments (from fig. 5), to show that regression during progesterone treat- 
ment was only the expected decrement after exhaustion of the preceding estrogen in- 
jection. Observe the more immediate and rapid enzyme depression in androgen- 
treated rats. 


deviated from the general trend about equally as far in the opposite 
direction. 


Administration of progesterone 


In the study of intact rats (Sawyer and Everett, 1946) it was 
noted that daily injections of progesterone produced a depression of 
serum cholinesterase activity comparable to that observed during 
natural pseudopregnancy. This decline was interpreted to result in- 
directly from the suppression of cycles and of the attendant secretion 
of estrogen, rather than any specific action of progesterone itself on 
the enzyme-forming mechanism. 

To test further the possibility that progesterone might have a 
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specific action of its own on that mechanism, similar injections of the 
corpus luteum hormone (1.5 mg. in oil, daily) were given to 2 cas- 
trated female rats for 18 days. In designing this experiment we 
deliberately chose animals with which we had previously experi- 
mented (castration in the presence of estradiol crystals: vide supra). 
Their vaginal smears having become anestrous in mid-February, 
they had been put aside until 5/16. The averages of serum cholines- 
terase activities determined on 5/16, 5/23 and 5/25 were 0.53 and 
0.40,* values which would allow ready detection of changes in either 
direction. During the period of treatment which began on 5/25 the 
sera of both rats were assayed 8 times at intervals of 2 or 3 days. The 
means of observed enzyme activities during treatment were 0.57 and 
0.43, respectively, differing from the earlier values by 6 and 5 per 
cent. Applying the. customary formulae for small numbers to the 
data, the statistical probability is negligible that the levels before 
and during treatment were different (P>0.2). Thus it is highly 
probable that progesterone by itself at this dose level neither stimu- 
lates nor depresses the production of serum cholinesterase. 

In determining whether the corpus luteum hormone might an- 
tagonize or act synergistically with estrogen, the following experiment 
was undertaken, to supplement the information furnished by the 
estrogen-induced pseudopregnancies previously reported (Sawyer 
and Everett, 1946). In 2 individuals, a castrated male and a cas- 
trated female, the serum enzyme was raised to high values by 
spaced injections of estradiol benzoate as in the androgen experi- 
ments above. Daily injections of progesterone (1.5 mg.) were then 
given for 33 days as indicated in figure 8. Coincident with the first 
progesterone treatment 50 ug. of the estrogen was injected. Quite in 
contrast with the testosterone experiments the enzyme values con- 
tinued to climb during the first 6 days and then declined gradually. 
The rate of decline in this instance was that which would be expected 
after exhaustion of the last given quantity of estrogen: the enzyme 
determinations expressed on a percentage basis parallel closely the 
estrogen-exhaustion curve from figure 5. That curve is reproduced in 
figure 8 with the fifth day as its starting point. On the 25th day of 
continuous progesterone treatment of these two animals an addi- 
tional injection of estradiol benzoate was given. Seven days later the 
enzyme activities of both animals were strongly elevated as shown, 
thus establishing beyond doubt that progesterone does not affect the 
stimulation of serum cholinesterase production by estrogens. 


DISCUSSION 


It is clearly evident from the above data that the sex difference in 
serum non-specific cholinesterase in intact rats is the result of at least 


4 See footnote 3. 





338 EVERETT AND SAWYER Volume 39 


two factors. In the absence of effective amounts of androgen in the 
female, the female sex hormone causes an elevation of the enzyme to 
high levels. In the male, androgen acts to maintain a very low serum 
esterase level, either by inhibiting the mechanism responsible for 
enzyme production or by increasing the rate of its removal. This it 
can accomplish even in the presence of estrogen. The corpus luteum 
hormone appears to have neither inhibitory nor synergistic effects 
with respect to estrogen in elevation of the serum enzyme. 

Sawyer and Everett (1946) reported that normally cyclic female 
rats exhibit a gradual growth trend of serum enzyme level with age, 
but they were able to find no consistent fluctuations coordinated with 
the stages of the estrous cycle. Rapid elevations were described in cer- 
tain animals, however, in association with the onset of persistent 
estrus. The present data have given us a sound basis for interpretation 
of these several observations. The increment curves for the serum 
enzyme in castrates receiving chronic estrogen therapy make it evi- 
dent that a delay of several days occurs before the effect of estrogen is 
reflected by elevation of the enzyme level. Furthermore, when the 
estrogenic stimulus is short-lived as in the experiments in which 
spaced injections of estradiol were given, no pronounced increase of 
the enzyme occurs, if one may judge upon the basis of the two rats so 
treated. In the estrogen-withdrawal experiments it was noted that 
once the enzyme is greatly elevated its regression is slow after removal 
of the estrogen source. In view of these chronological relationships 
between stimulus and effect it is quite unlikely that any considerable 
fluctuation of enzyme would be encountered during the short cycle 
of the rat (or mouse). With respect to the slow growth trend of the 
enzyme in cyclic rats, the results with spaced injections of estradiol 
are of especial interest: in the case of the castrated female so treated 
a gradual upward trend was noted, the slope of which is not unlike 
that observed in normal cyclic females (cf. Sawyer and Everett, loc. 
cit.). The degree of estrogenic stimulation, then, appears to be of 
paramount importance in determining the slope of the enzyme incre- 
ment curve. During normal cycles the secretion of estrogen above 
threshold values is probably of very short duration, somewhat com- 
parable to the period of effective action of 25 ug. of estradiol in oil. 
This statement assumes, of course, the absence of any counteracting 
influence, such as androgen in small amounts might exert. 

We cannot yet state the minimal amount of estrogen which, acting 
continuously, will produce and maintain high serum cholinesterase 
values. When this information is available it may allow definition of 
the threshold of which we speak above, unless this threshold itself is 
too highly variable. Probably the least amount of estrogen absorbed 
per unit of time in any of the above experiments was that adminis- 
tered in the form of beeswax pellets. If the amount of estradiol 
available from these is proportional to the amount of beeswax ab- 
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sorbed, the daily amount of estrogen utilized is usually between 0.04 
and 0.10 wg. (ca. 1 R.vU. or less per day). This quantity is not only 
adequate to maintain maximal cholinesterase values in all animals 
studied, but maintains cornification in the vaginal epithelium as well, 
although occasional evidence was seen of minor cyclic changes sug- 
gesting those which have been described in castrated rats treated 
daily with minimal doses of estrogen (Del Castillo and Calatroni, 
1930; Zuckerman, 1938; Del Castillo and Di Paola, 1942; Hartman, 
1944). These considerations indicate that the threshold for stimula- 
tion of cholinesterase formation may be no higher than the vaginal 
threshold. However, we found in two rats which had been implanted 
with exceedingly small estradiol crystals that the cholinesterase level 
began to decline several days before the vaginal smears became defi- 
nitely of the diestrous type. In all other cases of estrogen exhaustion 
the beginning of enzyme decrement was approximately coincident 
with cessation of vaginal cornification, or later. Yet it must be pointed 
out that even here the effect of estrogen on the enzyme may have 
been terminated earlier in some cases, for in the experiments in which 
estradiol crystals were removed one animal displayed little enzyme 
decrement for several days, although her vaginal smears became 
anestrous within 48 hours. 

Returning to consideration of the relationship between degree of 
continuity of estrogenic stimulation and rate of enzyme increment, 
the question arises as to why it is that in certain cyclic rats (for 
example, during the outwardly normal cycles immediately preceding 
the onset of persistent estrus, Sawyer and Everett, 1946, fig. 3, B) 
the serum cholinesterase may rise quite steeply with no other evi- 
dence of continuity of estrogenic stimulation. Were it likely that in 
the rat progesterone is secreted during diestrus in amounts sufficient 
to suppress vaginal cornification, one could postulate that the dura- 
tion of estrogen secretion becomes progressively longer in these 
cycles, but that this does not become manifest in the vaginal smear 
sequences because of the negative action of progesterone. To the 
contrary, however, Astwood’s (1939) evidence seems to preclude ef- 
fective corpus luteum secretion in rats during diestrus, and histo- 
chemical evidence appears to limit activity of cyclic corpora lutea to 
the few hours following ovulation (Dempsey and Bassett, 1943) and 
to proestrus of the subsequent cycle (Everett, 1944, 1945). Proges- 
terone secretion during diestrus is most unlikely in rats of the DA 
strain used in the experiment cited above (Everett, loc. cit.). The 
least objectionable hypothesis would assume: (1) a lower threshold 
for the cholinesterase effect than for vaginal stimulation and (2) a 
fluctuating level of estrogen secretion (although not complete dis- 
continuity) during the intervals. On this basis one can picture cycles 
in which estrogen secretion falls below both thresholds with a result- 
ing slow growth trend of serum enzyme, and other cycles in which 
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estrogen falls below the vaginal threshold but not below that for the 
cholinesterase mechanism. Indeed, if the two thresholds are inde- 
pendently variable this hypothesis could be extended to explain the 
observed fact that, while some rats exhibit a sharp rise of cholines- 
terase well before the onset of persistent estrus, in other rats the 
enzyme does not begin rapid elevation until prolonged cornification 
is already evident in the vaginal smears. 

The changes of serum cholinesterase during pregnancy and lacta- 
tion (Sawyer and Everett, 1946) may well be reviewed in the light of 
the present observations. The absence of estrogen secretion above 
threshold values during early pregnancy in this species is clearly indi- 
cated by the slight regression of the enzyme during that time. The 
subsequent rapid elevation beginning about the eleventh day proceeds 
at ‘a rate which is very similar to the increment curves in chronic 
estrogen experiments in castrates. This similarity in itself supports 
our contention that the elevation of enzyme during late pregnancy is 
the result of continuous estrogen secretion. The rapid decline begin- 
ning slightly before the time of parturition, however, requires special 
consideration. 

Although in the present investigation it has been shown that 
castration of cyclic female rats is followed by an enzyme decrement 
equally as rapid as any which were seen at the end of pregnancy, our 
additional evidence indicates that this sudden change is not the result 
of estrogen deprivation alone. Rather, the rapid phase of post- 
castration depression appears to be the result of some ‘‘non-specific”’ 
systemic effect of the operation itself. Certainly the changes in the 
maternal organism associated with parturition are sufficiently cata- 
clysmic to produce a systemic response more severe than that which 
would be induced by simple operations. With the evidence at hand, 
however, it is difficult to explain the fact that rapid serum esterase 
decline begins as early as 3 days before delivery. One can only specu- 
late that it reflects in some unknown manner the initiation of processes 
which eventually result in parturition. 

During lactation it was noted (Sawyer and Everett, loc. cit.) that 
the enzyme level usually becomes severely depressed, even to the very 
low “male” level. This cannot be explained as merely the result of 
suppression of estrous cycles during the lactation pseudopregnancy. 
The levels reached are characteristically well below the female post- 
castration level. This fact and the fact that the minimal values are 
reached so rapidly at a time when, from the results of the present 
experiments, a secondary rise might have been expected, lead to the 
possibility that an active depression of the enzyme-forming system 
may be encountered during lactation and at no other time in the nor- 
mal female. The analogous effect of androgen in lowering the post- 
castration enzyme content of female serum to the ‘“‘male level” sug- 
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gests the possibility that some hormone having androgen-like effects 
on cholinesterase may be unusually active during lactation. Perhaps 
certain of the adrenal cortical steroids may be responsible, for it has 
been well established that activity of the adrenal cortex or its re- 
placement by adrenal cortical steroids (Gaunt, Eversole and Kendall, 
1942; Nelson, Gaunt and Schweizer, 1943) are essential for milk pro- 
duction. Androgen itself is not eliminated as a possibility; for milk 
secretion has been observed in rats treated with testosterone (Selye 
et al., 1938; Reece and Mixner, 1939; Meites and Turner, 1942; 
Laqueur, 1945). Although, like estrogens, androgens have often been 
regarded as inhibitors of milk secretion, it would appear conceivable 
that they may be formed during lactation in amounts which suppress 
formation of cholinesterase, but which are insufficient to interfere 
with secretion of the mammary glands. 

Certain residual and, perhaps, cumulative effects of chronic estro- 
gen therapy were noted in a number of the animals used in the present 
study. In an earlier section we considered the probability that if the 
enzyme decrement curves for castration and for estrogen withdrawal 
were extended, the latter would level off somewhat above the other in 
terms of actual serum cholinesterase activity. The records of indi- 
vidual castrated rats, in which the enzyme was elevated to high 
levels on several occasions with intervening periods of regression, 
show consistently a higher base line after estrogen withdrawal than 
that which was found at first after castration. There is also some evi- 
dence that following prolonged estrogen stimulation the rate of 
enzyme recession after hormone deprivation may be slower. In one 
particular castrated female, for example, estrogen deprivation on 
three successive occasions (once following the removal of an estradiol 
crystal, once after an extended series of injections of estradiol ben- 
zoate and once after the removal of a beeswax-estradiol pellet coinci- 
dent with laparotomy) has resulted in progressively slower rates of 
enzyme regression. Another case in point is that of the castration of 
a persistent-estrous rat as illustrated in figure 7, where the over-all 
rate of decrement was exceedingly slow as contrasted with the sequel- 
lae of castration of cyclic rats. From such observations we are led to 
believe that prolonged and continuous estrogenic stimulation in- 
creases the “momentum” of the enzyme-forming system. The absence 
of such momentum in cyclic rats, involved in castration, may explain 
the differences observed between post-castration enzyme recession 
and that following estrogen withdrawal per se. 

In the absence of data from exceedingly long-term castration ex- 
periments we cannot judge the ultimate effect of age alone on the 
enzyme, without gonadal secretion or hormonal treatment. Perhaps 
to some extent the residual “momentum” spoken of in the last para- 
graph is an expression of a gradual basic acceleration of the mecha- 
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nism which results in serum cholinesterase production. In subsequent 
parts of this series we shall present evidence implicating both the liver 
and the hypophysis in that mechanism (cf. Everett and Sawyer, 
1946). 


SUMMARY 


Castration of cyclic female rats resulted in an immediate rapid 
decline of the non-specific cholinesterase of blood serum, the level 
eventually reaching intermediate values somewhat above those found 
in normal males. Castration of males, on the other hand, was followed 
by a gradual and moderate rise of the serum enzyme toward a similar 
intermediate level. 

Estrogen administration to castrated rats of either sex was fol- 
lowed by elevation of serum cholinesterase activity beginning after a 
latent period of no less than 3 days. The increment was most rapid 
when estrogen was administered in such a form that its action was 
continuous. The least daily amount of estradiol required to produce 
maximal effects was estimated to be less than 1 R.v. per day. 

After withdrawal of estrogen injections or removal of subcu- 
taneously implanted crystals the serum enzyme regressed very slowly, 
in distinct contrast to the rapid fall after ovariectomy. This difference 
was studied experimentally and appears to be the result of at least 
two factors: (1) An increased “‘momentum” in the enzyme-forming 
mechanism in the former case, after chronic estrogen stimulation, and 
(2) in the latter case, a ‘‘non-specific”’ systemic effect of operations 
such as ovariectomy or even simple laparotomy, resulting in a rapid, 
immediate fall of serum cholinesterase activity. Where estrogen con- 
tinued to act post-operatively, as when estradiol pellets were im- 
planted at the time of ovariectomy, the post-operative decline was 
transient and the enzyme returned to high levels. In other instances, 
in which operations were performed after chronic estrogen stimulation 
and the source of estrogen was removed at the time of operation, the 
serum enzyme fell sharply at first, returned shortly to nearly maximal 
levels and then regressed slowly. 

Progesterone in daily physiological doses neither increased nor 
decreased the intermediate serum cholinesterase of castrated females. 
Similar treatment of other castrates in the presence of estrogen did not 
modify the expected effects of the latter hormone. 

Testosterone propionate, on the other hand, depressed the serum 
enzyme of castrates to levels as low as those found in normal males. 
When this androgen was given in the presence of estrogen, the stimu- 
lating effect of the latter was counteracted and the enzyme rapidly 
regressed to very low values. 

A simple and useful method was devised for administering ac- 
curately measured minute amounts of estradiol in pellet form for slow 
absorption. 
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FURTHER OBSERVATIONS ON THE RABBIT 
METHOD OF INSULIN ASSAY 


A. H. LACEY 
Insulin Commitiee Laboratory, University of Toronto 
TORONTO, CANADA 


IN A PREVIOUS paper (Lacey, 1941) the method of insulin assay 
used in the Insulin Committee Laboratory, University of Toronto, was 
described. This procedure, with minor modifications, was adopted in 
1942 as the official method by the United States Pharmacopoeial 
Convention (Pharmacopoeia of the United States, 1942). The bio- 
logical and mathematical modifications approved by the Convention 
have been incorporated into the method in regular use in the Insulin 
Committee Laboratory, University of Toronto. The method has had 
extensive trial in this laboratory, in the laboratories of insulin pro- 
ducers in the United States and of the United States Food and Drug 
Administration. That the method is of general application is borne 
out by the results of unpublished collaborative studies in evaluation 
of potency of the most recent insulin reference standard for the 
Insulin Committee and the United States Pharmacopoeia. In four 
laboratories in which the method was used the reported potency 
values for new standard varied from the mean of the group by 0.1%, 
1.8%, 2.7% and 1.0%. In the Insulin Committee Laboratory a total 
of eight comparable tests was made. The variations from the mean 
indicated potency in the eight tests of this series were 0.38%, 2.0%, 
5.1%, 0.1%, 3.9%, 1.6%, 2.2% and 2.8%. 

Knowledge of the product under test is frequently such that the 
potency is known within a narrow range before commencing an assay. 
The final tests performed by producers of insulin and the routine 
tests of control organizations are of this nature. The 3-Assumption 
Cross-over procedure to which reference is made above is suited to 
such conditions and makes possible the evaluation of potency with 
considerable accuracy. The preparation used in the above tests was 
a dry crystalline product, the potency of which was known within 
about 10% before commencing the tests. It was thus practicable to 
maintain a narrow range of assumed values in performing the 3-As- 
sumption Cross-over tests. In other cases, however, the worker may 
know the potency of the preparation within only a relatively wide 
range before commencing the assay. In such instances the mouse 
convulsion method of assay presents a simple and rapid means of 
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determining potency with sufficient accuracy to make the 3-Assump- 
tion Cross-over method applicable for final test. Nevertheless it would 
be a great advantage to be able to determine potency accurately over 
a wide rangefby the rabbit method and methods have been published 
with this end in view. However, practical considerations make un- 
desirable the use of designs such as that*of Bliss and Marks (1939) for 
the routine assay of insulin. Objections have been raised to- the pro- 
cedure (Lacey, 1941) (Bliss and McKeen Cattell, 1943) (Smith, 
Marks, Fieller and Broom, 1944). The Twin Cross-over Design for the 
assay of insulin (Smith, Marks, Fieller and Broom, 1944) is a method 
designed to make possible the assay of insulin over a wide range. 

It is the purpose of the first part of this paper to indicate the 
reasons the 3-Assumption Cross-over method is limited in its useful- 
ness and to present results obtained in the Insulin Committee Labora- 
tory by means of the Twin Cross-over Design. 

In the second part of the paper modifications of details of assay 
procedure are presented. These modifications are applied to the 3-As- 
sumption Cross-over method and to the Twin Cross-over Design. 
No exhaustive statistical analysis of the data is presented. Since 
statistical analysis of the data is necessary before assigning confidence 
limits to individual tests this phase of the subject is reserved for sub- 
sequent publication. It may be noted, however, that the authors of 
the Twin Cross-over Design have presented a method for assignment 
of fiducial limits to the results obtained by their procedure and the 


method for the estimation of assignable confidence described by 
Fieller (1940) may be applied to the modification of the 3-Assumption 
Cross-over procedure described later in this paper. 


PART I 


A satisfactory assay by means of the 3-Assumption Cross-over 
procedure is obtained only when the true value of the material under 
test has been “bracketted’’ by the assumed values. It has been pointed 
out (Lacey, 1941) that the dose administered should be sufficiently 
large to cause the blood-sugar concentration to remain below normal 
in most of the rabbits throughout the five-hour test period but not 
so large that the recovery phase is not definitely established at the 
conclusion of the test. In order that the doses shall satisfy both these 
requirements at one time it is necessary that the range of assumed 
values be small. If the assumptions are at wide intervals it will fre- 
quently be found that at the low assumed value for the test sample 
the dose will be too great and may have maximum effect. This is 
particularly likely to be the case if the preparation is stronger than 
anticipated. At the high assumed value for the test sample it will 
frequently be found that the effect has been exhausted in less than 
the period of test. This is particularly likely to be to the case if the 
preparation is weaker than anticipated. The three observed indexes 
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may then show a lack of known relationship and consequently no 
accurate evaluation of potency is possible. For this reason the 
3-Assumption Cross-over method is limited in its usefulness. 

The Twin Cross-over procedure, on the other hand, is designed to 
make possible evaluation of potency over a wide range of assumed 
values. In order to test the procedure, a series of assays was made in 
which test samples were accurately prepared by dilutions of the 
preparation of insulin standard, S-230. Samples of this standard were 
diluted to contain 1.25 international units per cc. and 2.5 units per 
ec., and the ‘‘unknown”’ test samples were diluted similarly. A total 
of 24 rabbits was used for each test though the number was reduced 
through death or accident in most cases. Sugar determinations were 


TABLE 1. SUMMARY OF TESTS OF PREPARATIONS OF INSULIN OF KNOWN POTENCY 
BY THE TWIN CROSS-OVER PROCEDURE 





Known Assay value y 
Assay value ene N 0 
potency . as percentage _— 
U/ce. a of potency iii 





30.0 . 106. 
33.3 37. 111. 
34.0 29. 86. 
36.4 i 82. 
40.0 6 104. 
44.4 8 100.§ 
50.0 54.6 109. 


Mean 100. 
8.D. 


ad. 





made on samples of blood withdrawn immediately prior to injection 
and thereafter at intervals of 1, 2, 3, 4 and 5 hours. The results of the 
tests, calculated by unadjusted percentage reduction, are shown in 
Table 1. 

The preparation containing 44.4 units per cc. was also tested by 
the 3-Assumption Cross-over procedure using 32, 40 and 48 units per 
ee. as assumed values. The indexes of the three component tests 
showed a lack of known relationship and no accurate evaluation of 
potency was possible. It is apparent that the Twin Cross-over pro- 
cedure is applicable over a wider range than is the 3-Assumption 
Cross-over procedure. 


PART II 


It has been the custom in laboratories where the rabbit method of 
assay has been used to dilute the insulin for injection. Dilution is 
usually made to yield a concentration of from 1.25 to 2.5 units per cc. 
From time to time it has been considered advisable in the Insulin 
Committee Laboratory under special circumstances to inject insulin 
samples without further dilution. This has, on occasion, led to con- 
clusions which might have been obscured had the preparations been 
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diluted in the customary manner. Experience in this laboratory has 
indicated that the blood-sugar curves are different following ad- 
ministration of various dilutions of insulin to rabbits even though 
the unit dose per rabbit is unchanged. This is illustrated in Figure 1, 
showing the mean blood-sugar values in a cross-over test in which the 
blood sugar lowering effect caused by the administration to rabbits 
of 1.6 units of insulin containing 20 units per cc. was compared with 
the effect caused by the administration of the same number of units 
of insulin containing 40 units per cc. It can be demonstrated that 
with increasing concentration there is a progressive increase in rate 
of action and decrease in duration of effect. However, when the con- 
centration of each of the solutions is more than 20 units per cc. the 
differences in blood-sugar effects are slight. 

It has long been realized by clinicians that the use of purified 
preparations of insulin has resulted in blood-sugar effects of shorter 
duration than the use of less highly purified products. In rabbits the 
differences in action are greatly masked if the materials are diluted 
prior to injection. 

It is also known that the addition of small amounts of various 
substances (e.g. zinc, protamine, histone etc.) to insulin materially 
alters the shape of the blood-sugar curves. The effects of these ad- 
ditions are less obvious in rabbits if the preparations are diluted before 
injection. 

For the above reasons it would appear expedient for purposes of 
assay to inject the insulin preparations in the concentration of clinical 
dosage forms. The injection of volumes as low as 0.01 cc. may readily 
be made by use of a micrometer syringe or by use of a 3 ce. syringe 
graduated in 0.01 ce. 

It has been pointed out that the use of concentrated solutions 
leads to shorter duration of activity. Under these circumstances it is 
usually of little value to determine sugar content of blood withdrawn 
five hours subsequent to injection, since by that time the blood-sugar 
level will have returned to normal. A four-hour test period generally 
yields a satisfactorily complete blood-sugar curve, particularly if the 
sugar content is determined on blood withdrawn at hourly intervals. 


Modvtfications applied to 3-Assumption Cross-over procedure 


A method of assay involving the above modifications applied to 
the 3-Assumption Cross-over procedure was tested by assaying a 
series of “known unknown” solutions prepared by making various dilu- 
tions of a solution of insulin standard, 8-230. The same test procedure 
was used in each case regardless of potency. The dilutions considered 
as standard contained 40.0 units per cc. The dose of standard was 
0.02 ce. per rabbit. The doses of test solutions were in each case 0.01 
ce., 0.02 cc. and 0.04 cc. per rabbit. Three complete cross-over tests 
were made in this way using 8 rabbits for each test. Thus a complete 
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assay consisted of 24 rabbits only, though this number was reduced in 
some instances due to death or accident. No compensation was made 
for loss of animals by any adjustment other than discarding all results 
obtained in the test on such animals prior to loss. Seven such assays 
were made in which the preparations under test contained 27.8, 30.0, 
33.8, 40.0, 50.0, 60.0, 60.4 units per cc. respectively. The solutions 
containing 27.8, 33.8 and 60.4 units per cc. were prepared by an inde- 
pendent worker. The potency of these was unknown to the author 
until completion of the tests. Table 2 shows the blood-sugar results 
of each test. 


TABLE 2. SUMS OF BLOOD-SUGAR DETERMINATIONS IN ASSAYS OF 
PREPARATIONS OF INSULIN OF KNOWN POTENCY 








Standard 





| N “Unknown” 
o. 
Po- | Dose nad Bleeding periods | of | po. Bleeding periods 
\s8 











Te- E 
tency | rabbit |Norm. 1hr. 2hr. 3 hr. sults | tency Norm. Lhr. 2hr. 3 hr. 
U/ce. ce. mg. mg. mg. mg. | Use c . mg. mg. mg. mg. 





682 403 382 471 
705 364 365 464 628 
701 314 356 441 638 


302 333 507 LE 
| 8 


772 367 422 510 
718 320 349 436 


414 515 653 
430 543 688 
335 298 439 


376 426 556 
423 414 562 
321 290 378 


417 485 595 
365 378 543 
310 309 396 


425 590 
350 494 
266 380 


225 318 
236 246 
233 255 


50 340 532 
303 390 
274 330 


| 27.8 ° 667 410 482 574 





30.0 


888/888 


436 502 635 735 
345 354 663 


330 380 
402 408 696 
307 298 647 


382 390 650 
358 394 706 
322 329 647 


305 328 692 
366 391 531 629 
298 353 703 


175 197 281 
293 288 366 586 
309 320 393 590 


359 298 452 638 
333 303 456 609 
347 388 536 707 
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0. 
0. 
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0. 
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0. 
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0. 
0. 
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The mean relative response for each test of each assay may be 
measured by calculation of Index (Pharmacopoeia of the United 
States, 1942). Alternatively, the absolute differences in percentage 
reduction of blood-sugar occasioned by injection of the ‘““unknown”’ 
preparation and by the preparation of standard may be used. The 
use of either procedure generally leads to very similar results. How- 
ever on the basis of calculations of tests recorded in this paper, more 
nearly correct results are obtained by use of index. The use of “‘index’’ 
preserves relationship with established U.S.P. procedure. 

When a narrow range of assumed values is utilized in the 3-As- 
sumption Cross-over method the short segment of the dose-response 
curve may be considered a straight line. When, however, the range is 
extended as in the above series the curvature of the dose-response line 
should not be overlooked. If the relationship between dose and re- 
sponse can be expressed in the form of a straight line the evaluation 
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Fic. 1. Blood-sugar curves of rabbits injected with 1.6 units of insulin per rabbit 
in concentrations of 2.0 units per cc. and 40.0 units per cc. 
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Fig. 2. Blood-sugar curves of rabbits injected with various volumes of insulin con- 
taining 20 units per ce. 
A=0.01 ce. per rabbit 
B=0.02 ce. per rabbit 
C =0.04 ce. per rabbit 
D =0.08 ce. per rabbit 
E =0.16 ce. per rabbit 
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is simplified. It is generally assumed that a linear relationship exists 
between log-dose and response over a wide range of doses. This has 
been demonstrated by Bliss and Marks (1939). That the relationship 
may be assumed in this laboratory over the entire range of doses used 
without introduction of wide error is shown by the data obtained in 
the above series of tests. In order, however, to obtain direct evidence 
of dose-response relationship for tests wherein rabbits are injected 
with concentrated preparations of insulin a comparison was made of 
responses obtained following injection of 0.01 cc., 0.02 ec., 0.04 cc., 
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Fic. 3. The relation of index and of percentage reduction in blood-sugar of rabbits 
to log-dose of insulin. Indexes marked with crosses. Percentage reduction marked with 
circles. Regression lines equated without reference to lowest observed response. 


0.08 cc. and 0.16 cc. of insulin standard containing 20 units per cc. 
These tests were made during a six-day period using 30 rabbits each 
day. The doses were assigned to the animals at random by drawing 
of cards. All five doses were administered to an equal number of rab- 
bits on each day of test. The resultant blood-sugar curves are shown 
in Figure 2. In Figure 3 are shown the regression lines drawn through 
the mean response for the various doses in terms of percentage reduc- 
tion of blood-sugar and in terms of index. Calculation of index was 
made on the basis of response to dose 0.04 cc. =index 100. In calcu- 
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lating the regression lines drawn in Figure 3 the results of the lowest 
dose (0.01 cc.) were not included. It will be observed that the points 
fit the straight lines very well but that if linearity is assumed through- 
out error will be introduced when using very low doses. It would be 
anticipated that a flattening of the curve would also be observed when 
using very high doses, beyond the range of those used in the test. 
Since the doses used in the series of assays of “known unknown” 
preparations covered a shorter segment of the dose-response curve 
than did the test of direct comparison of doses it would appear that 
linearity between log-dose and response may be assumed in the work 
reported in this paper without introduction of sizeable error. 

It is well known that differences in potency of insulin preparations 
are less evident during the blood-sugar reduction stage than during 


TABLE 3. RESULTS OF ASSAYS OF PREPARATIONS OF INSULIN OF KNOWN POTENCY 


BASED UPON OBSERVED INITIAL BLOOD-SUGAR VALUES AND VARIOUS 
POST-INJECTION BLEEDING PERIODS 








Norm, 1—2-3-4 Hrs. | Norm, 2-3-4 Hrs. | Norm. 2-3 Hrs. 





Assay Assay value} Assay Assay value! Assay Assay value 
value aspercentage| value aspercentage| value as percentage 
U/ce. of potency of potency | U/ce. of potency 


29.0 ° 104. : 101 
33.9 113. : 114 
28.2 83. 9.§ 88. 
38.0 95. 9.§ 99. 
48.1 96. ; 102 
57.5 95. : 96. 
57.8 95. : 95. 





| 26. 
32. 
28. 
35. 
52. 
58. 
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96. 
109. 
83. 
89. 
104. 
98. 
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97. 99. 
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the stage of recovery. An inspection of the assay data presented in 
Table 2 shows that the blood-sugar determinations at the one hour 
period contribute little to the differentiation of potency. A comparison 
of the assay values for the series based on percentage reduction in- 
cluding and excluding the one-hour determinations are shown in 
Table 3. The procedure for determination of the assay value is 
shown later in the paper. 

The reduction of the number of post-injection bleeding periods to 
less than three is considered inadvisable since there would then be a 
substantial loss of information in respect of the shape of the blood- 
sugar curves. However, calculations based on the use of determina- 
tions of blood-sugar at only two and three hour periods and the ob- 
served initial determinations are shown in Table 3. 

In 1936 Hershey and Lacey showed slight differences in results 
when assays were based on the average initial levels from those in 
which observed individual blood-sugar values were used. If this 
situation maintained in tests using many fewer animals it might 
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prove expedient to exclude determinations of the initial blood-sugar 
values. Calculations of the above series on the basis of assumed in- 
dividual normal values of 100 mg. % are shown in Table 4. 

From Tables 3 and 4 it can be seen that the mean value is more 
divergent from the true value when assays are based on assumed 
initial levels of 100 mg. % than when based on observed initial blood- 
sugar levels and there is also greater variation about the mean as in- 
dicated by comparison of the standard deviations. 

In tests using large numbers of animals the mean initial blood- 
sugar values for the two parts of the test tend to be very similar to 
each other. In tests using few rabbits there may exist very significant 


TaBLE 4, RESULTS OF ASSAYS OF PREPARATIONS OF INSULIN OF KNOWN POTENCY 
BASED UPON ASSUMED INITIAL BLOOD-SUGAR VALUES OF 100 MG. % FOR EACH 
RABBIT AND USING VARIOUS BLEEDING SCHEDULES 








| Norm, 1—2-3—4 Hrs. Norm. 2-3-4 Hrs. | Norm. 2-3 Hrs. 
Known 
potency Assay Assay value} Assay Assay value Assay Assay value 
value as percentage as percentage) value as percentage 
of potency of potency of potency 


80. 81. 
105. 
86. 
103 
87 
102 
92. 








79. 


94. 
9. 


2 
0 
9 
0 
8 
sf 
“tf 
3 
6 


Nb NOdwoAIAIw 
PAI NWWNODWO 











differences in the mean initial blood-sugar levels. Since there is a cor- 
relation between initial blood-sugar level and response, various meth- 
ods of adjustment have been suggested (Smith, Marks, Fieller and 
Broom, 1944) (Fieller, 1940) (Hemmingsen and Marks, 1932). The 
effect of adjustment will be shown later in this paper. 

The results which have been reported above are based upon 
assays consisting of not more than 24 animals each. The main objec- 
tive in the series was to establish the most preferable procedure for 
routine purposes. The results indicate that in using the 3-Dose Cross- 
over method, as the method involving 3 doses of undiluted insulin 
may conveniently be called, the most reliable assay values are ob- 
tained by utilizing the initial blood-sugar values along with post- 
injection sugar determinations at 2, 3 and 4 hour periods. By use of 
these determinations wide variation in potency from that of the prepa- 
tion of standard may be assessed. 

For preliminary tests the use of 24 rabbits may suffice. For final 
assays, however, it would be usual to repeat the test and thus increase 
the confidence to be placed in the assay value. The series of assay 
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samples was therefore subjected to further tests using 24 rabbits for 
each test. Coupled with the tests recorded above, the assay values, 
using 48 rabbits, are shown in Table 5. In addition there are shown 
in the table the results obtained by basing the assay values on ad- 
justed response, that is by utilizing the formula, response = percentage 
reduction —0.3 (Initial Blood Sugar in parts per 100000) (Smith, 
Marks, Fieller and Broom, 1944). This criterion was applied to the 
mean results of each of the groups of rabbits and not to individual 
response. 


TABLE 5. RESULTS OF ASSAYS OF PREPARATIONS OF INSULIN OF KNOWN POTENCY BASED 
UPON USE OF 48 RABBITS. CALCULATIONS BY ‘‘PERCENTAGE REDUCTION” AND 
BY ‘‘ADJUSTED RESPONSE”? PROCEDURES 


(Basis of tests—Norm. 2, 3 and 4 hour bleeding periods) 








Percentage Reduction Method Adjusted Response Method 





Assay value 
as percentage 
of potency 


Assay value 
as percentage 
of potency 


29.0 ; : 98.9 
30.0 28.7 95. 6 95.3 
33.8 32.1 95. ; 99.7 
40.0 42.0 : : 105.5 
50.0 50.7 : : 96.6 
60.0 62.8 : 53 . 105.5 
60.4 59.6 : 9. 97.7 


Assay value 


Assay value 
/ce. U 


}/cee. 





Mean aa 99.9 
8.D. : 4.1 














From Table 5 it will be observed that by means of the 3-Dose 
Cross-over method the use of 48 animals yields assay values over a 
wide range of potency with a degree of accuracy which may be con- 
sidered high for biological testing. Calculation of tests on the basis 
of adjusted response instead of the simpler basis of percentage reduc- 
tion shows little advantage to be gained by use of the former method. 
In only two assays out of seven was the error reduced by the use of 
the more complicated procedure. The application of the criterion to 
individual animal responses did not further improve the results. It 
should be recalled, however, that the criterion for adjusted response 
used was that based upon reactions of animals in England from tests 
involving use of dilute insulin. Probably a different criterion could 
be more advantageously used here. Calculations based upon adjusted 
response and differences instead of index yielded a mean value of 
100.6 and standard deviation of 4.9. 

The various methods of assessing the potency of a test sample do 
not show sufficiently great differences to base preference on any one. 
However, the simplicity of calculation by percentage reduction 
coupled with index commends it as an established procedure. It is 
possible that when additional data are available in this and other 
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laboratories and upon completion of a statistical study of the data 
one method may show superiority over another. 

In order to illustrate the method of calculation of an assay using 
the 3-Dose Cross-over method described in this paper there are re- 
corded below the steps in the calculation of the assay of a preparation 
of insulin containing 40 units per cc. as recorded in Table 2, using 
however, the sugar values determined for blood withdrawn at 0-2-3 
and 4 hours. In Table 6 are shown for each of the three component 
tests the sums of the initial blood-sugar values and the average sums 
of the post-injection blood-sugar values. By means of these values the 
percentage reduction effected by each of the doses of the test prepara- 
tion and by the preparation of standard have been calculated and are 
shown in the table. By use of the formula for derivation of index, the 
index for each of the three doses of the test preparation have also 
been calculated and are shown in the last column of the table. 


TABLE 6. DATA FROM ASSAY OF PREPARATION OF INSULIN 
CONTAINING 40 UNITS PER CC. 





Standard | | Unknown 








Po- Dose Ini- Average % Re-| be =e Average % Re- 
tency per tial 27274 duc- | gi Pp tital 2-3-4 duc- Index 
U/ce. rabbit hr. tion | i hr. tion 





40.0 0.02ce. 775 513 33.81 | 8 |0.0lec. 772 595 22.93 67.8 
40.0 0.02cc. 769 554 27.96| 8 | 0.02cc. 746 527 29.36 105.0 
40.0 0.02 cc. 736 487 33.83 | 8 | 0.04cc. 737 421 42.88 126.8 





The three indexes may then be plotted on squared paper using 
each index as ordinate and the corresponding log (doseX100) as 
abscissa. By the method of least squares the equation for the regres- 
sion line is found. The equation in the example is y = 70.40+98.01z. 
The regression line represented by the equation may then be drawn 
through the points on the graph. The abscissa corresponding to 
ordinate 100 is calculated. This represents the log (dose 100) that 
gives the same net effect as the dose of the preparation of standard 
and in this example is .3020. This value is then converted to dose by 
finding the antilogarithm of .3020 and dividing by 100. This value is 
0.020045. That is 0.020045 ec. of the test sample = 0.020 cc. of stand- 
ard=0.8 unit. Then 1 cc. of test sample = 39.9 units. 


Modifications applied to the Twin Cross-over Design 


In order to test the Twin Cross-over Design by a method involv- 
ing the injection of insulin without dilution and by determination of 
blood-sugar at post-injection intervals of 2, 3 and 4 hours a series of 
assays was made of preparations of insulin, 8-230, of the same concen- 
trations as used in the 3-Dose Cross-over procedure. Both the prepa- 
ration of standard containing 40.0 units per cc. and the “unknown” 
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were administered in doses of 0.02 cc. and 0.04 cc. per rabbit. The 
results of the assays, each assay involving use of 24 animals, by two 
methods of calculation are shown in Table 7. 

By comparison of the results of the two methods of calculation of 
the tests it is observed shat the method utilizing adjusted response 
shows a relatively minor improvement over the method based on 
percentage reduction. The variation about the mean assay value is 
quite comparable to that determined by the Twin Cross-over method 
involving dilution of the preparations for injection and basing evalua- 


TABLE 7. RESULTS OF ASSAYS OF PREPARATIONS OF INSULIN OF KNOWN 
POTENCY BY MEANS OF TWIN CROSS-OVER DESIGN 





Percentage reduction method | Adjusted response method 








Assay value 
as percentage 
of potency 


Assay value 
as percentage 
of potency 


Assay value 


Assay value 
/ee. J 


U/ce. 





93. 25.2 90 .6 
112. 33.5 Bt ey 
105. 37.5 110.§ 
93. 36.7 91.8 
119.8 56.4 112.8 
102. 61.9 103. 
81. 50.1 82 .§ 


SSSeess 
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101. 100.6 
13. 12.1 
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tion on sugar determinations of blood drawn at 0, 1, 2, 3, 4, and 5 
hour periods. 


Conclusions 


In Table 8 are assembled the mean results for the procedures 
used for determination of potency. Although the tests made by the 
Twin Cross-over procedure in which insulin was injected in dilute 
form involved tests on preparations which did not cover as wide a 
range as did the other assays the results have been included for com- 
pleteness. The results by means of the 3-Dose Cross-over method are 
those calculated by use of percentage reduction and index. Since the 
results in the table were based on the observed means which differed 
from the ideal of 100% the greatest deviation from 100% represents 
the more nearly correct variation to be anticipated. In the last column 
of Table 8 are shown the adjusted results which may be considered 
as the results to be anticipated in a single assay within the range 
covered by the series. 

The results have established that accuracy of assay may be at- 
tained through injection of clinical dosage forms of insulin to rabbits. 
Examination of the data indicates that of the methods used the one 
which yields the highest accuracy is the 3-Dose Cross-over method 
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utilizing sugar determinations of blood withdrawn immediately be- 
fore injection and thereafter at 2, 3 and 4 hour periods. Evaluation 
based on unadjusted percentage reduction coupled with index pre- 
serves relationship with established procedure and appears as satis- 


TABLE 8. SUMMARY OF RESULTS OF ASSAYS USING 24 RABBITS 





Results as Anticipated 
Method Bleeding schedule percentage of results +8.D., 
potency +8.D. per cent 








Twin Cross-over 0-1—2-3-—4—5 hrs. 100.2 11.4 100.0 11.6 
(Diluted solutions) 


Twin Cross-over 
(No dilution) 
3-Dose Cross-over 
3-Dose Cross-over 
3-Dose Cross-over 
3-Dose Cross-over 
3-Dose Cross-over 
3-Dose Cross-over 


13. 100.0 


100.0 
100.0 
100.0 
100.0 
100.0 
100.0 


NNWwWHIS Ww 


x =assumed normal of 100 mg.% per rabbit 





factory as methods in use for adjustment of response to compensate 
for differences in initial blood-sugar levels. Rigid conclusions are, 
however, withheld until a comprehensive statistical analysis of the 
series of tests is complete. 


Summary 


The 3-Assumption Cross-over method for assay of insulin has 
proved to be an accurate method of test. Its useful range is, however, 
very limited. By means of use of the Twin Cross-over Design it is 
possible to evaluate potency of insulin over a much wider range. 

Modifications of details of procedure are presented which may be 
applied to either the Twin Cross-over Design or to the 3-Assumption 
Cross-over procedure. The modifications involve the injection of clini- 
cal dosage forms of insulin and estimation of blood-sugar at periods 
immediately before injection and thereafter at 2, 3 and 4 hours. *~ 

Unadjusted percentage reduction of blood-sugar is suggested as 
the basis of response. When coupled with index, relationship is pre- 
served with established procedure. Evaluation by means of the 3-Dose 
Cross-over method is by simple mathematical procedure, using the 
method of least squares to equate the regression line. 

Results by the 3-Dose Cross-over method indicate the procedure 
to be somewhat more sensitive than the Twin Cross-over method. 
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ASSOCIATION NOTICE 


Nominations for Awards of the Association 


Three awards for meritorious work in endocrinology will be given at the 
next annual meeting of the Association. These include the Squibb and Ciba 
Awards which have been given in the past and a new award which will be 
known as the Ayerst, McKenna & Harrison Fellowship in Endocrinology, 
to be given for the first time in 1947. A special committee of five members 
of the Association chooses the recipients of these Awards, subject to ratifi- 
cation by the Council, and each member of the Association has the privilege 
of making one nomination for each award. 

Nominations for the Awards should be made on special application forms 
which may be obtained from the Secretary. A nomination should be accom- 
panied by a statement of the importance of the nominee’s contributions in 
endocrinology and by a bibliography of his most important papers with re- 
prints if possible. Application forms may be obtained from the secretary, and 
all nominations should be sent to Dr. Henry H. Turner, Secretary, 1200 
North Walker Street, Oklahoma City 3, Oklahoma, not later than March 15, 
1947. 


THE E. R. SQUIBB AND SONS AWARD 


The E. R. Squibb and Sons Award of $1,000.00 was established in 1939. 
It was given in 1940 to Dr. George W. Corner, in 1941 to Dr. Philip E. 
Smith, in 1942 to Dr. Fred C. Koch, in 1944 to Dr. Edward A. Doisy, in 
1945 to Dr. E. C. Kendall, and in 1946 to Dr. Carl G. Hartman. (There was 
no award given in 1943.) No age or other special limitation is stipulated by 
the Donor of the Award. So far it has been given for long-continued work 
of a high quality. 


THE CIBA AWARD 


The Ciba Award was established in 1942 and is to be given to an investi- 
gator not over 35 years of age. No recipient was selected in 1943. In 1944 the 
Award was given to Dr. E. B. Astwood, in 1945 to Dr. Jane Anne Russell 
and in 1946 to Dr. Martin M. Hoffman. The Award is for $1,200.00. If the 
recipient chooses to use the Award to aid in working in a laboratory other 
than the one in which he normally is located, the Award will be increased to 
$1,800.00. 


THE AYERST, McKENNA & HARRISON FELLOWSHIP 


This award was authorized by the Council at the 1946 meeting in San 
Francisco and will be presented for the first time at the 1947 annual meeting 
in Atlantic City. The annual stipend is $2,500.00 and may be renewed at 
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the discretion of the Committee on Awards. Applicants for this fellowship 
shall fulfill the following requirements: 


2 


They must possess the degree of Doctor of Philosophy or Doctor of Medi- 
cine or their equivalent. It is suggested that no restriction be placed on age, 
but that preference be given to applicants who have recently completed the 
requirements for their Ph.D. or M.D. degree. 


. They must present evidence of scientific ability as attested by studies com- 


pleted or in progress and/or the recommendation of responsible individuals. 


. They must submit a program of proposed study. 
. They must indicate one or more institutions where the proposed program 


shall be carried out. 


. They must submit statements of approval from the investigators with 


whom they propose to conduct their research. 


. They must serve full time if awarded a fellowship. A small amount of time 


(10 to 15 per cent) may be allotted for course work or for participation in 
teaching, the latter purely on a voluntary basis. 





